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Introduction 


Getting Started 


There is no question that the AP Chemistry exam is one of the most rigorous 
tests offered by the College Board. Chances are, however, that if you are 
planning to take the AP Chemistry exam, you are the type of student who is 
ready to take on anything this test can dish out. You didn't take AP Chem 
by accident—you wanted to take it, and that's because you are the type of 
student who can handle challenges. So, although the test is difficult, don't 
be intimidated by it. You can beat this exam! 


PREPARING FOR THE AP CHEMISTRY EXAM 


Your first step is to understand that this test is not something to be taken 
lightly. Top athletes spend a great deal of time preparing their bodies for big 
competitions, and you, too, must prepare your mind for this exam. But most 
athletes don'ttrain by themselves. They work out with an experienced coach 
whoknows the keys to being successful. In preparation forthe AP challenge, 
you will need a coach to help you learn the best strategies for the test. Your 
teacher should be your first coach. Due to the time constraints that 
teachers face and the extensive amount of material covered in this course, 
you will also need an assistant coach to help you prepare. This book can be 
that assistant coach, but it is not designed to replace your teacher. He or she 
knows the course, the material, and you, but unless your teacher can move 
in with you while you are preparing for the test, he or she can't provide you 
with all of the tools you will need to succeed. There aren't enough hours in 
the school day to teach you everything you need to know for the exam. This 
book can be your personal tutor. The material between its covers will help 
to familiarize you with all of the material covered on the exam, the structure 
of the exam, and strategies to prepare for and to take the exam and it can 
provide you with instant feedback about your performance. This book is also 
designed with the understanding that your time is valuable! You most likely 
have avery busy schedule before and after school, and the last thing you need 
is to add another time-consuming activity. Some of the information that you 
may have learned or that is in your textbook may go beyond the level of the 
APexam. Onother subjects, you may have learned less information than you 
need. This book attempts to get right to the point and to only review the 
material that you will need to know for the exam. 


ALLL 


ROAD MAP 


* Preparing for the AP 
Chemistry Exam 

• What the Exam Covers 

* Getting to Know the 
Format of the Exam 


* How the AP Chemistry 
Exam Is Scored 


* Making a Study Plan 


* 10 Strategies for Acing 
the Exam 
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WHAT THE EXAM COVERS 


Each year, the College Board provides a content outline for the AP 
Chemistry course as well as a breakdown of the approximate percentage of 
the AP exam that will deal with certain topics. What follows is an outline of 
the content of the most recent exam. 

Structure of Matter (20%) 


Atomic theory and atomic structure 

* Evidence for the atomic theory 

* Atomic masses; determination by chemical and physical means 
* Atomic number and mass number; isotopes 


* Electron energy levels: atomic spectra, quantum numbers, 
atomic orbitals 


* Periodic relationships, such as atomic radii, ionization energies, 
electron affinities, and oxidation states 


Chemical bonding 
* Binding forces 


* Types: ionic, covalent, metallic, hydrogen bonding, van der Waals 
theory (including London dispersion forces) 


* Relationships to states, structure, and properties of matter 
e Polarity of bonds, electronegativities 

* Molecular models 
* Lewis structures 


* Valence bond: hybridization of orbitals, resonance, and sigma and 
pi bonds 


e VSEPR 
* Geometry of molecules and ions, structural isomerism of simple 


organic molecules and coordination complexes; dipole moments of 
molecules; relation of properties to structure 


Nuclear chemistry: nuclear equations, half-lives, and radioactivity; 
chemical applications 


Getting Started 


States of Matter (20%) 
e Gases 
* Laws of ideal gases 
* Equation of state for an ideal gas 
* Partial pressures 
* Kinetic-molecular theory 
* Interpretation of ideal gas laws on the basis of this theory 
e Avogadro's hypothesis and the mole concept 
* Dependence of kinetic energy of molecules on temperature 
* Deviations from ideal gas laws 
e Liquids and solids 
* Liquids and solids from the kinetic-molecular viewpoint 
* Phase diagrams of one-component systems 
* Changes of state, including critical points and triple points 
* Structure of solids; lattice energies 
e Solutions 
* Types of solutions and factors affecting solubility 


* Methods of expressing concentration (The use of normalities is not 
tested.) 


e Raoult's law and colligative properties (nonvolatile solutes); osmosis 


* Nonideal behavior (qualitative aspects) 


Reactions (35-40%) 
e Reaction types 


e Acid-base reactions; concepts of Arrhenius, Bronsted-Lowry, and 
Lewis; coordination complexes; amphoterism 


* Precipitation reactions 
e Oxidation-reduction reactions 
* Oxidation number 
* The role of the electron in oxidation-reduction 


* Hlectrochemistry: electrolytic and galvanic cells; Faraday's laws; 
standard half-cell potentials; Nernst equation; prediction of the 
direction of redox reactions 


e Stoichiometry 


e [onic and molecular species present in chemical systems: net ionic 
equations 


* Balancing of equations, including those for redox reactions 


* Massand volume relations with emphasis on the mole concept, includ- 
ing empirical formulas and limiting reactants 
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Equilibrium 
e Concept of dynamic equilibrium, physical and chemical; Le Chatelier’ s 
principle; equilibrium constants 
* Quantitative treatment 
* Equilibrium constants for gaseous reactions: KP, K 
* Equilibrium constants for reactions in solution 
e Constants for acids and bases: pK; pH 


e Solubility product constants and their application to precipita- 
tion and the dissolution of slightly soluble compounds 


e Common ion effect; buffers; hydrolysis 
Kinetics 
* Concept of rate of reaction 


* Use of experimental data and graphical analysis to determine reactant 
order, rate constants, and reaction rate laws 


* Effect of temperature change on rates 

* Energy of activation; the role of catalysts 

* Therelationship between the rate-determining step and a mechanism 
Thermodynamics 

* State functions 


* First law: change in enthalpy; heat of formation; heat of reaction; 
Hess's law; heats of vaporization and fusion; calorimetry 


• Second law: entropy; free energy of formation; free energy of reaction; 
dependence of change in free energy on enthalpy and entropy changes 

* Relationship of change in free energy to equilibrium constants and 
electrode potentials 


Descriptive Chemistry (10-15%) 


Chemical reactivity and products of chemical reactions 


Relationships in the periodic table: horizontal, vertical, and diagonal with 
examples from alkali metals, alkaline earth metals, halogens, and the first 
series of transition elements 


Introduction to organic chemistry: hydrocarbons and functional groups 
(structure, nomenclature, chemical properties). Physical and chemical 
properties of simple organic compounds should also be included as 
exemplary material for the study of other areas such as bonding, equilibria 
involving weak acids, kinetics, colligative properties, and stoichiometric 
determinations of empirical and molecular formulas. 


Laboratory (5-10%) 
These questions are based on common laboratory procedures that should 
have been learned as part of the course, such as: 

e making observations of chemical reactions and substances 

e recording data 


e calculating and interpreting results based on the quantitative data 
obtained 


e effectively communicating the results of experimental work 


Students should be able to solve specific types of chemical calculations. The 
types of problems that might possibly be included on the exam include 
* Percentage composition 


* Empirical and molecular formulas from experimental data 

* Molar masses from gas density, freezing-point, and boiling-point measure- 
ments 

* Gaslaws, including the ideal gas law, Dalton's law, and Graham's law 

e Stoichiometric relations using the concept of the mole; titration calculations 

* Mole fractions; molar and molal solutions 

e Faraday's laws of electrolysis 

* Equilibrium constants and their applications, including their use for simulta- 
neous equilibria 

* Standard electrode potentials and their use; Nernst equation 

e Thermodynamic and thermochemical calculations 


* Kinetics calculations 


This may feellike too much information for you to ever master, and itis very 
rare that any teacher could make it through all of the recommended topics 
and activities within an academic year. In the next section, we will look at 
some details about how you'll be asked to apply your knowledge of the 
topics above, which should help to ease some of your fears. 


GETTING TO KNOW 
THE FORMAT OF THE EXAM 


The College Board reserves the right to make changes to the exam as it 
chooses; however, the structure of the exam has undergone only very slight 
changes in the years it's been offered. To keep abreast of the specific details 
about the AP Chemistry exam, refer to the College Board Web site at 
www.collegeboard.com/ap. 

The exam is 180 minutes long and is divided into two sections. The first 
part, Section I, consists of 75 multiple-choice questions. There is a 90- 
minute time limit on Section I, and the results make up 45% of the total 
grade. The second part, Section II, is also 90 minutes long, makes up 55% 
of the total grade, and is broken into two sections. The first section is 40 
minutes long; you may use calculators during this portion, butthis is the only 
part of the exam on which you can use a calculator! It consists of two 
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problems—in the first question, the problem is mandatory, but in the second 
question you getto choose between two different problems. These problems 
are calculation-based and are multipart problems. After 40 minutes, you will 
be instructed to put your calculator away and proceed to the second portion 
of Section II, Part B. 

Part B is divided into three subsections. The first is a list of eight chemical 
equations, from which you will select five. In this subsection, you are 
provided with a written description of the reactants and conditions of a 
reaction, from which you must determine the product(s). You must also 
convert the entire equation into symbolic form (substituting symbols for 
written descriptions). The second subsection in Part B consists of two 
mandatory multipart questions. The content of these questions varies (later 
in this chapter you will see a list of previous topics). In the final subsection, 
you must select one of two questions. All of these parts of the AP exam are 
summarized in the table below: 


Section I: Multiple Choice. 75 questions. 90 minutes. 45% of total grade 
Section II: Free Response. 8 questions (you must answer 6). 90 minutes. 
55% of grade. 


Breakdown of the Free-Response Section 


Part A Part B 
40 minutes 50 minutes 
2 questions 4 questions 
40% of Section II; 60% of Section II; 
22% of entire test 33 % of entire test 
Calculators (only calculators No calculators 


without alphabetic keyboards) 
Question 1 Question 4 Question 5 Question 6 


20% of Section II; 11% overall 15% of section 1596 of section 15% of section 
8.25 % overall 8.25 96 overall 8.25 % overall 


AND AND 
Question 2 OR Question 3 Question 7 Question 8 
20% of Section II; OR 20% of Section Ш; 15% of section 15% of section 
1196 overall 1196 overall 8.25 % overall OR 8.25 % overall 


HOW THE AP CHEMISTRY EXAM IS SCORED 
Multiple Choice 


On the multiple-choice portion of the exam, there are 75 questions. Scores 
are determined according to the following formula: 
Score = Correct Score — 0.25(Incorrect Score) 


The reason for the strange equation is to prevent wild guessing. Take, for 
example, a student who bubbled in the same letter for every question. To be 
safe, she chooses “С” because it is in the middle of the five choices. On atest 
of 75 questions, with five possible responses (A-E) for each question, 


chances are that 15 of them will actually be C (15 will also be A, 15 will be 

B,etc.). That means that the student will have gotten 15 problems correct and 

60 incorrect. Plugging these numbers into the equation will give you: 
Score = Correct Score — 0.25(Incorrect Score) = 


15 —0.25(60) = 15 – 15 = 0 


As you can see, this individual could have left all of the answers blank and 
still gotten the same score. There is no benefit to wild guessing. In Chapter 
1, you will learn some techniques to take the “wild” out of guessing. 


Free Response 


The free-response questions are graded by a group of more than 100 AP 
Chemistry teachers and college chemistry professors who gather at the 
beginning of the summer to grade all of the exams. Scoring rubrics are 
carefully designed for each question, and the graders spend the week grading 
the tests in a very thorough, unbiased manner. The key to your success on 
the free response questions is your ability to write to these rubrics. While 
there is no way to predict in advance what topics will be covered in the free- 
response section (even though many people try), there are some strategies 
that will improve your chances. Hopefully, your teacher has had you 
practice writing AP-style essays, but even if he has not, you will still have 
an opportunity to try some in this book. You willalso be able to evaluate your 
own performance using scoring rubrics that are similar to those used by the 
AP graders. This exercise will help you sharpen your writing skills and 
maximize your chances for a high score. 


Your Composite Score 

Once your multiple-choice and free-response scores have been calculated, 
each score will be used to calculate your composite score. This score ranges 
from 0 to 5, according to the scale shown below. Note the percentage of 
students receiving each score. 


Percent of students earning 


AP Grade Qualification this score (from 1999 test) 
5 Extremely well qualified 17.2 
4 Well qualified 14.7 
3 Qualified 25.3 
2 Possibly qualified 22.0 
1 No recommendation 20.8 


One thing these numbers don’t tell you is what it takes to get a 5 or a 4. The 
number of points to achieve these grades will differ slightly from year to 
year, but they remain relatively consistent over time. The Chemistry exam 
is intentionally made so that a score of 100% is extremely unlikely. In most 
administrations, scores of 50-60% usually receive scores of 5. 


Getting Started 
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MAKING A STUDY PLAN 


The fact that you bought this book is a step in the right direction for your 
success on the AP Chemistry exam. And there are some strategies that will 
help you get the most out of it. The following are two key questions you need 
to answer before you proceed: 


1. How much time do I have before the AP exam? 


2. How much time can I realistically devote to exam preparation? 


Your answers to these questions will help you to set a pace for your review. 
If you have a long time before the test (two or three months), you can set a 
fairly relaxed pace. If you have a short time (one month or less), your pace 
will be more rigorous. Either way, the book is designed to be flexible and 
to accommodate a variety of situations. What follows is a brief description 
of the remainder of the book and how you can use it under different 
circumstances. 


Overview of the Book 
Part | 


Diagnostic Test 


Part Il 
Test-Taking Strategies and Essays through the Years 


Part IIl 


Review 


Part IV 
Full-Length Practice Tests 


Readthis section, and then go on to Chapter 1. These chapters contain vital 
information about the AP exam that will help you to develop sound test- 
taking strategies. Once finished, take the Diagnostic Test. Before you take 
it, however, you need to understand that the Diagnostic Testis nota practice 
AP exam! This book has two full-length practice AP Tests, but they do not 
appear until Part IV ofthe book. The Diagnostic Testis designed to resemble 
the approximate difficulty level of the AP exam and to reflect the content on 
the exam, but there are some significant differences in the structures of the 


two. The purpose of the test is to help you identify strengths and potential 
weaknesses, which you'll need to know to design your personal study plan. 
Once you finish the Diagnostic Exam, use these suggested guidelines to 
complete your test preparations. 


The Complete Course 


If you have plenty of time before the test (two or three months), it is 
recommended that you complete the entire course. There are twenty 
chapters, so if you divide these up over a two-month period, you would need 
to complete about two chapters a week. If you have a three-month period, 
this drops down to about one chapter every five or six days. You will receive 
the maximum benefit if you can complete the entire book. Even if you are 
planning to complete the entire book, it is recommended that you pick the 
most difficult areas first, especially those that you may not have covered 
much (or at all) in class. This way, if something happens and you don't have 
as much time as you thought, you’ ve at least gone through the sections that 
will benefit you the most. 


The Accelerated Course 


If you are running out of time, you'll need to design an ambush approach to 
your studies. Don'tattemptto complete the entire book. Fromthe diagnostic 
test, select your weakest areas and plan to go through those first. Make a list 
of the topics you feel you can reasonably work through before the exam. Be 
very careful during this process. Do not skip sections you know very little 
about, figuring, “Oh, that probably won'tbeon the test.” Ifitis on the content 
outline, it will be on the test! And, if you are especially unfortunate, the 
section you skip could end up as one of the mandatory essay questions. Even 
if you don’t have time for all of the practice problems in a section, get 
through what you can. If you know certain topics very well, skip them. It’s 
not ideal, but if you are reading this section (for the accelerated course) it is 
probably because you don’t have time to do everything. Just remember, 
though, that every chapter you can work through is a bonus for you. Rather 
than be discouraged about not having enough time to finish everything, be 
encouraged about the sections you will finish. These are areas you wouldn’t 
have known or would have done poorly on without your extra effort. Be 
positive! 


Getting Started 
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10 STRATEGIES FOR ACING THE EXAM 


Preparation for the Exam 


1. 


Read the AP Course Description for Chemistry available from the College 
Board. 


2. Take the Diagnostic Test. 


3. Choose a place and time to study every day. Stick to your routine and plan. 


4. Even though they are time-consuming, complete the Practice Tests in this 


book. They will give you just what they promise: practice—practice in reading 
and following directions, practice in pacing yourself, practice in understanding 
and answering multiple-choice questions, and practice in writing timed essays. 


. Complete all your assignments for your regular AP Chemistry class. Ask 


questions in class, talk about what you read and write, and enjoy what you are 
doing. The test is supposed to measure your development as an educated and 
analytical reader and writer. 


The Night Before the Exam 


6. 


Assemble what you will need for the test: your admission materials, four 
number 2 pencils, two pens, a watch (without an alarm), your approved 
calculator, and a healthy snack for the break. Put these items in a place where 
you will not forget them in the morning. 


. Don'tcram. Relax. Go to a movie, visit a friend—but not one who is taking the 


test with you. Get a good night’s sleep. 


The Day of the Exam 


8. 


10. 


Wear comfortable clothes. If you have a lucky color ora lucky piece of clothing 
or jewelry, wear it—as long as you won't distract anyone else. Take along a 
lucky charm if you have one. 


. If you do not usually eat a big breakfast, this is not the morning to change your 


routine, but it is probably a good idea to eat something nutritious if you can. 


If you feel yourself getting anxious, concentrate on taking a couple of deep 
breaths. Remember, you don't have to answer all the questions, you can use 
EDUCATED GUESSES, and you don't have to get a perfect score on every 
part of the test. 


PREVIEW 


Strengths and 722 
Weaknesses 


Diagnostic Test 


The diagnostic test will help you identify your weak spots in the course. It is not 
designed to bea practice AP test. The questions may not resemble actual AP items. 
The purpose of the diagnostic test is to give you the opportunity to test your 
knowledge in a number of areas and, based on the results of this test, to plan your 
study time for the AP test accordingly. 

The questions from each major topic area do not cover all of the subject areas 
in a chapter, so this test should in no way be viewed as a substitute for review. 
In addition, the answers on this test, unlike the other chapters, do not contain 
explanations. Each topic will be addressed and reviewed within specific, 
individual chapters. The answer key for the diagnostic test points out where in 
the chapter you can find the information. This should help you to identify weak 
points and customize your use of this book. 


Good luck! 
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Diagnostic Test 17 


Diagnostic Test 


Note: For all questions, assume that the temperature is 298 K, the pressure is 1.00 atmosphere, and 
solutions are aqueous unless otherwise specified. 


Throughout the test, the following symbols have the definitions specified unless otherwise noted. 


T = temperature M = molar 

P = pressure m = molal 

V = volume L, mL = liter(s), milliliter(s) 
S = entropy g = gram(s) 

H = enthalpy nm = nanometer(s) 

G = free energy atm = atmosphere(s) 

R = molar gas constant J, kJ = joule(s), kilojoule(s) 
n = number of moles v = volt(s) 


mol = mole(s) 


Directions: Each set of lettered choices below refers to the numbered statements immediately following 
it. Select the one lettered choice that best fits each. 


1. A certain color of light has a wavelength of 550 nm. 3. Calculate the molar solubility of barium sulfate, 
What is the energy possessed by a photon of such BaSO,, in 0.020 M sodium sulfate, K,SO,. K,, for 
light? BaSO, is 1.08 x 10710. 

(A) 2.42 x 10-1? (A) 1.04 x 10? 
(В) 5.45 x 101^ J (B) 5.4 x 10? 
(С) 3.61 x10 ** J (С) 7.87 x 10® 
(D) 3.61 x 10? J (D) 5.4 x 10? 
(E) 5.37 x 10-* J (E) 1.08 x 10-19 

2. How will the time it takes to hard-boil an egg 4. М Cu > Je + If copper-29 under- 
compare at higher altitudes? goes a positron emission, what is the resulting 


(A) It will take longer because of the lower product nuclide? 


boiling temperature of the water. (A) » Cu 
(B) It will take longer because of the higher 
vapor pressure of the water. 


(C) It will take less time because of the higher (C) 2 Zn 
boiling temperature of the water. 


(B) 3Ni 


| | (D) »Си 
(D) It will take less time because of the lower 


vapor pressure of the water. (E) E Cu 


(E) It will take the same amount of time, 
regardless of the altitude. 


GO ON TO THE NEXT PAGE 
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Part I: Diagnosing Your Strengths and Weaknesses 


. Calculate the pH of a 0.10 M solution of НОСІ, K, 


23.5 x 103. 
(A) 423 
(B) 8.46 
(C) 3.73 
(D) 1.00 
(B) 323 


. Determine the standard enthalpy of reaction for the 


combustion of hydrogen sulfide gas, 
which proceeds according to the reaction shown 


below: 
2Н,5(6) + 30,(g) = 2H;0() + 280,(g) 


The standard enthalpies for the constituents are 
as follows: 


Formula AH? (kJ/mol) 
H,S(g) -20 


HOC) -285.8 
SO,(g) -296.8 


(A) -575 kJ 
(В) -726 kJ 
(C) -963 kJ 
(D) -1125 kJ 
(Е) -1320 kJ 


. Identify the type of organic compound shown: 


CH, — C =O 
| 
CH, 
(A) Aldehyde 
(B) Ester 
(C) Carbonyl 
(D) Ketone 


(E) Carboxylic acid 


. Which one of the following will not react? 


(A) Ag+ Au(NO;); > 
(B) Cu+ AgNO, > 
(C) РЬ +Cu(NO;), > 
(D) Cd + Pb(NO;), > 
(B) Ni+Cd(NO,), > 
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9. Forthereaction2A +B — C, experimental data was 


Experiment [AJM [B]M 


1 
2 


3 


collected for three trials: 
Initial Rate M 57! 


0.40 0.20 5.5 x 107 


0.80 0.20 5.5 x 10° 


0.40 0.40 2.2 x 10? 


What is the rate law of the reaction? 
(A) Rate = k[A][B] 

(B) Rate = [ATP [BP 

(C) Rate = ГА] [В]? 

(D) Rate = [AP [B]? 

(E) Rate = k[A][B]? 


k| 
ki 
[ 
[ 


10. 4NH,(g) + 50,(g) > 4NO(g) + 6H,O(g) 


11. 


Inthe above reaction, 3.10 g of NH, reacts with 2.50 
g of О». What is the theoretical yield of NO? 


(A) 1.88 g 
(B) 546g 
(C) 820g 
(D) 240g 
Œ) 120g 


H,O(g) + CbO(g) <= 2HOCl(g) 


The reaction above is allowed to come to 
equilibrium at room temperature. At equilibrium, 
the partial pressure of H,O is 296 mm Hg, Cl,O 
is 15 mm Hg, and HOCI is 20 mm Hg. What is 
the value of K, at this temperature? 


(A) 222 
(B) 11 

(C) 0.017 
(D) 0.090 
(E) 0.0045 


12. 


13. 


14. 


15. 


A solution is made by dissolving 250.0 g of potas- 
sium chromate crystals (K5CrO,, molar mass 194.2 
g) in 1.00 kg of water. What will the freezing point 
of the new solution be? 

Kf for water is 1.86 °C m^. 

(A) -8.87 °C 

(В) -7.18 °С 

(С) -5.73 °С 

(D) -3.2 °С 

(E) -1.86 *C 


Copper is electroplated from CuSO, solution. A 
constant current of 2.00 amp is applied by an 
external power supply. How long will it take to 
deposit 1.00 x 10? g of Cu? 


(A) 21.1 hours 
(B) 10.0 min 
(C) 42.2 hours 
(D) 11.2 sec 
(E) 2.91 hours 


Which molecule has a Lewis structure that does not 
obey the octet rule? 


(A) NO 
(B) CS, 
(C) PF, 
(D) HCN 
(E) CCl, 


Which of the following molecules has a trigonal 
pyramidal shape? 

(A) PCI; 

(B) NO 

(С) NH, 

(D) CCl, 

(E) НО, 


16. 


17. 


18. 


19. 


Diagnostic Test 19 


Hydrogen gas, liberated from a reaction between 
hydrochloric acid and zinc, is bubbled through 
water and collected in an inverted graduated 
cylinder at 22?C. The pressure of the gas mixture 
is 765 mm Hg. The vapor pressure of water at 
22°C is 20 mm Hg. What is the partial pressure of 
the hydrogen gas? 

(A) 22 mm Hg 

(B) 743 mm Hg 

(C) 745 mm Hg 

(D) 765 mm Hg 

(E) 785 mm Hg 


Which set of quantum numbers (n, /, m, m,) is NOT 
possible? 


(А) 1,0,0, 5 
(В) 11,0, 5 
(С) 1,0,0, - 5 
(D) 2, 1,-1, 4 
(E) 3,2, 1, 6 


Which of the following explains why 
СН,-О-СН, has a lower boiling temperature than 
CH;CH,OH? 


(A) Hydrogen bonding 
(B) Hybridization 

(C) Ionic bonding 

(D) Resonance 


(E) London dispersion forces 


If 87.5% of a sample of pure ??Rh decays in 48 
days, what is the half-life of °°Rh? 


(A) 6 days 
(B) 8 days 
(C) 12 days 
(D) 16 days 
(E) 24 days 


GO ON TO THE NEXT PAGE 
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20. 


21. 


22. 


23. 


Part I: Diagnosing Your Strengths and Weaknesses 


Which of the following explains why, at room 
temperature, I, is a solid, Br, is a liquid, and Cl, 
is a gas? 

(A) Hydrogen bonding 

(B) Hybridization 

(C) Ionic bonding 

(D) Resonance 


(E) London dispersion forces 


Which of the following reactions involves the 
largest increase in entropy? 


(A) AgNO,(aq) + HCl(aq) > AgC\(s) + 
HNO,(aq) 

(B) №(8) + On(g) > 2NO(g) 

(C) 2NO(g) + О,(8) > 2NO,(g) 

(D) 2KCIO,(s)  2KCl(s) + 30,(g) 

(Е) 2SO,(g) + O,(g) >2S0;(g) 


Determine the name of [Cu(NH4)4]SO, 
(A) Tetraamminecuprate(II) sulfate 
(B) Tetracupraammine (IV) sulfate 

(C) Tetrasulfonoammine (IV) cuprate 
(D) Amminecuprate (IV) sulfate 


(E) Cupric ammonium sulfate 


You are supposed to mix 250 ml ofa 0.1 M solution 
of Pb(NO3), solution (molar mass = 331.2 g). You 
of Pb(NO,), with enough 
water to make 250 ml solution. 


(A) 3312g 
(B) 33.12g 
(C) 828g 

(D) 3312g 
(E) 0.828 g 


would need to mix 
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24. 


Whatis the hybridization around the central atom in 
the molecule SiCl,? 


(A) sp? 
(B) sp? 
(C) sp 
(D) spid 
(E) spg? 


Step 1) | NO(g) + Cl,(g) => NOCL(g) 


25. 


26. 


27. 


28. 


(fast 


equilibrium) 


Step 2) | NO(g) + NOCL(g) > 2NOCI(g) 


Which of the following rate laws is consistent with 
the reaction mechanism shown above? 


(A) Rate = k[NO][Cl] 

(B) Rate = k[NO], 

(C) Rate = K[NO][NOCL] 

(D) Rate = k[NO} ICI] 

(B) Rate = k[NO}?[Cl][NOCL] 


ki 
ki 
[ 
[ 


...CgH OH + ...0 > ...CO, + ...H,O 


When the equation above is balanced, how many 
water molecules will be produced? 


(A) 1 
(B) 2 
(C) 3 
(D) 4 
(E) 6 


What type of emission is the isotope р C likely to 
undergo? 


(A) Alpha decay 

(B) Beta decay 

(C) Positron emission 
(D) Electron capture 


(E) Nuclear fission 


Which of the following is most likely to be a solid 
at room temperature? 


(A) HF 
(B) NH, 
(С) KS 
(D) N, 

(E) H,O 


29. 


30. 


31. 


32. 


33. 


What is the percentage composition of Mg in the 
compound Mg;(PO,);? 


(A) 21.92 % 
(B) 23.57 % 
(С) 27.74 % 
(D) 32.32 % 
(E) 48.70% 


Five balloons are filled up with one mole each of 
hydrogen (H,), helium (He,), Nitrogen (N5), Oxy- 
gen (O,), and Argon (Ar) molecules. 
After some time has elapsed, which balloon will be 
the smallest? 


(A) H, 
(B) He 
(C) N; 
(D) О, 
(B) Ar 


Which of these explains that the C—C bonds in 
benzene are all the same length? 


(A) Hydrogen bonding 
(B) Hybridization 

(C) Ionic bonding 

(D) Resonance 


(E) London dispersion forces 


What is the standard free energy change (AG?) for 
the reaction shown below: 


Fe?*(aq) + Ag(s) > Fe” (aq) + Ag*(aq) 
(A) -2.5 KJ 
(В) 29 kJ 
(С) 87kJ 
(D) 10.0 kJ 
(E) 29 IJ 


The vapor pressure of water at 50 °C is 92.5 mm 
Hg. If 400.0 g of sucrose (СНО molar mass 
342.3 g) is added to 900.0 g of H,O at 50 °C, what 
will the vapor pressure of the solution be? 


(A) 94.6 mm Hg 
(B) 92.3 mm Hg 
(C) 90.4 mm Hg 
(D) 88.3 mm Hg 
(E) 27.4 mm Hg 


34. 


35. 


36. 


37. 


Diagnostic Test 21 


Which molecule listed below has two sigma (0) and 
two pi (л) bonds? 

(A) № 

(В) C,H, 

(C) N5F, 

(D) HCN 

(E) C,H,Cl, 


For the reaction A +В —^ C+D, AH? = +40 kJ and 
AS? = +50 J/K. Therefore, the reaction under stan- 
dard conditions is 


(A) spontaneous at temperatures less than 
10 K. 


(B) spontaneous at temperatures greater than 
800 K. 


(C) spontaneous only at temperatures between 
10 K and 800 K. 


(D) spontaneous at all temperatures. 


(E) nonspontaneous at all temperatures. 


In which of the following systems would the num- 
ber of moles of the substances present at equilib- 
rium NOT be shifted by a change in the volume of 
the system at constant temperature? 


(A) SO,(g) + O(g) <> 250; 

(B) N,(g) + 3 H,(g) <> 2 NHs(9) 

(C) NO,(g) + SO,(g) <> SO,(g) + NOC) 
(D) N2048) < 2 NO,(g) 

(E) CO(g) + 3H,(g) > CH,(g) + H5O(g) 


Which one of the following electron configurations 
for the species in their ground state is NOT correct? 


(А) Са: — 1872s?2p°3s?3p%4s? 
(В) Ві:  [Xe]6s24f!45d!6p3 
(С) Аз: [Ar] 4s23d!4p3 
(0) В: [Ar] 4s?3d!04p5 
(Е) Р: 1522522р63р? 


GO ON TO THE NEXT PAGE 
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38. 


39. 


40. 


Part I: Diagnosing Your Strengths and Weaknesses 


What is the oxidation state of Cr in the compound 
K,Cr,0,? 

(A) +2 

(B) +3 

(C) +5 

(D) +6 

(Е) +7 


А 0.4647 g sample of a compound containing only 
carbon, hydrogen, and oxygen was burned in an 
excess of pure oxygen to yield 0.8635 g of CO, and 
0.1767 g of H5O. What is the empirical formula of 
the compound? 


(A) CHO 

(B) C,H,O 
(C) C4H50; 
(D) C6H;0, 
(E) C4H$05 


Which of the following is a conjugate acid/base 
pair? 

(A) HCI/OCI- 

(B) H,SO,/SO,2- 

(C) NH,*/NH, 

(D) H,0*/OH- 

(E) H4PO/PO4- 


Step 1) | NO(g) + CL,(g) <> NOCL,(g) (fast 
equilibrium) 
Step 2) | NO(g) + NOCI (g) + 2NOCI(g) | (slow) 


41. 


Which of the following rate laws is consistent with 
the reaction mechanism shown above? 


(A) Rate = k[NO][Cl,] 

(B) Rate = k[NO], 

(C) Rate = k[NO][NOCL] 

(D) Rate = [NOT'[CI] 

(E) Rate = K[NOP[CI][NOCI,] 


k| 
k| 
[ 
[ 
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42. 


43. 


44. 


45. 


When 0.200 L of 0.015 M Pb(NO3), is mixed with 
0.300 L of 0.050 M KI, the value of Q 


will be and the bright yellow precipi- 
tate, PbI,, _ | (Ksp for Pbl, 
is 9.8 x 10°). 


(A) less than K,,; will form 


Sp? 
(B) greater than K; ; 
(C) less than K, 


sp? 
(D) greater than K, 


sp? 
(E) equal to K,,; will form 


will form 
will not form 


will not form 


A crystal of NaCl is 


(A) soft, has a low melting temperature, and is a 
good electrical conductor. 


(B) hard, has a high melting temperature, and is 
a good electrical conductor. 


(C) soft, has a low melting temperature, and is a 
poor electrical conductor. 


(D) hard, has a high melting temperature, and is 
a poor electrical conductor. 


(E) soft, has a high melting temperature, and is a 
poor electrical conductor. 


Whateffect will an increase in temperature have on 
the reaction below? 


2 8034 — 2 SOx) + Ол) 
AH? = +98.3 kJ per mole SO; 
(A) Shift the equilibrium to the right 
(B) Shift the equilibrium to the left 
(C) Will have no effect on the equilibrium 


A 1.0 liter solution contains 0.25 M HF and 0.60 м 
NaF (K, for HF is 7.2 x 10-^)What is the pH of this 
solution? 


(A) L4 
(B) 3.5 
(C) 4.6 
(D) 2.8 
(E) 0.94 


46. 


47. 


48. 


49. 


50. 


If a tree dies and the trunk remains undisturbed for 
15,580 years, what percentage of original ЧС is 
still present? (half-life of "АС = 5730 years) 


(A) 5.20% 
(B) 19.0% 
(C) 2.20% 
(D) 45.0% 
(E) 15.2 % 


What geometry does the molecule SOCL, 
exhibit? 

(A) Pyramidal 

(B) Trigonal bipyramidal 

(C) Octahedral 

(D) Trigonal planar 

(E) Bent 


In the rate law, Rate — k{NOP[O,], the reaction is 
order for NO, _ . 
order overall. 


(A) second; first; third 
(B) second; zero; third 
(C) first; second; third 
(D) first; third; first 
(E) third; third; third 


order 


A 6.00 L sample of an aqueous 0.108 M MgCl, 
solution at 30.0 °C will have an osmotic pressure of 


(A) 8.05 x 10? mm Hg. 
(B) 6.12 x 10? mm Hg. 
(C) 2.04 x 10? mm Hg. 
(D) 3.68 x 10^ mm Hg. 
(E) 1.02 x 10? mm Hg. 


Which of the following is most likely to deviate 
from ideal gas behavior? 


(A) Cl, 
(B) He 
(C) Ar 
(D) О, 
(B) CCLF, 


51. 


52. 


Diagnostic Test 


Which of the following shows the correct ranking 
of the highest to lowest first ionization energies for 
Na, P, Cl, K, Rb? 


(A) Na>P>Cl>K>Rb 
(B) Na>Cl>P>Rb>K 
(C) Cl>P>Na>K>Rb 
(D) Cl>P>Rb>K>Na 
(E) Rb>K>Na>P>Cl 


How many grams of silver nitrate (AgNO,) are 
required to produced 44.0 g of aluminum nitrate 
(ANO 4)? 


GAgNO, + AL(SO,), > 3Ag,SO, + 2AI(NO;), 


53. 


54. 


(A) 105.3 g 
(В) 1320g 
(C) 169.9 g 
(D) 213.0g 
(Е) 264.0 g 


A voltaic cell contains one half-cell with a zinc 
electrode in a Zn**(aq) solution and a copper elec- 
trode in a Cu**(aq) solution. At standard condition, 
E? = 1.10 V. Which condition below would cause 
the cell potential to be greater than 1.10 V? 


(A) 1.0 M Zn™ (aq), 1.0 M Cu?*(aq) 
(B) 5.0 M Zn?*(aq), 5.0 M Cu?*(aq) 
(C) 5.0 M Zn?*(aq), 1.0 M Cu?*(aq) 
(D) 0.5 M Zn?*(aq), 0.5 M Cu?*(aq) 
(E) 0.1 M Zr?*(aq), 1.0 M Cu?*(aq) 


А 2.50 Ке piece of copper metal is heated from 25°C 
to 225°C. How much heat, in kJ, is absorbed by the 
copper? The specific heat of copper is 0.384 J/g °C. 


(A) 124 KJ 
(B) 156 kJ 
(C) 192 kJ 
(D) 212 kJ 
(Е) 256 kJ 


GO ON TO THE NEXT PAGE 
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55. 


56. 


57. 


58. 


Part I: Diagnosing Your Strengths and Weaknesses 


If25mL of 0.75 M HCl аге added to 100 mL of 0.25 
NaOH, what is the final pH? 


(A) 12.70 
(B) 12.80 
(C) 1.30 
(D) 1.20 
(E) 7.00 


2HF(g) => H,(g) + F,(g) К, = 1.00 x 10? 


eq 


1.00 mol HF, 0.500 mol H,, and 0.750 mol F, are 
mixed in an evacuated 5.00 L flask. Which direc- 
tion will the equilibrium shift to establish equilib- 
rium? 

(A) The equilibrium shifts to the right. 

(B) The equilibrium shifts to the left. 


(C) The system is at equilibrium. 


Consider the following balanced equation: 
3 Ba(NO3), (aq) + Fe(SO4), (aq) —> З BaSO, (s) 
+ 2 Fe(NO3)3 (aq) 


The net ionic equation to describe this 
balanced equation is 


(A) ЗВа ?* (aq) + 350, 2- (aq) > 
3BaSO, (s) 


(B) 6NO,7 (aq) + 2Fe ?* (aq) > 
2Fe(NO3)3 (aq) 


(C) 3B2?* (aq) + 2NO,~ (aq) + 2Fe** (aq) + 
380, 2- (aq) > 3BaSO, (s) + 
2Fe** (aq) + 6NO, (aq) 


(D) 3Ba* (aq) + SO, * (aq) > 3BaSO, (s) 


(B) 2Fe?*(aq) T ЗМО?-(а4) > 
2Fe(NO3)3 (aq) 


Which of the following ionic compounds has the 
largest lattice energy, i.e., the lattice energy most 
favorable to a stable lattice? 


(A) CsI 
(B) Lil 
(C) LiF 
(D) CsF 
(E) MgO 
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60. 


61. 


62. 


In a voltaic cell, a zinc electrode is placed in a 
solution that is 1.0 M for Zn?*, while a copper 
electrode is placed in a 1.0 M Cu% solution. Calcu- 
late the cell potential for the voltaic cell. (Assume a 
salt bridge is in place.) 


(A) 1.00 V 
(B) L05 V 
(С) 1.10 V 
(D) 2.00 V 
(B) 110 V 


The K;, of PbSO, (s) is 1.3 x 105. Calculate the 
solubility (in mol/L) of PbSO, (s) in a 0.0010 M 
solution of Na,SO,. 


(А) L3x 10-9 M 
(B) 45x 105M 
(С) 1.3 х105м 
(D) L3x 107 M 
(B) 13x 102 M 


А 6.50-L sample of carbon monoxide is collected at 
55?C and 0.875 atm. What volume will the gas 
occupy at 1.10 atm and 20°C? 


(A) 1.961, 
(B) 546L 
(C) 4.621, 
(D) 610L 
(E) 9.64L 


Name the following: 


CH, 
CH,—CH,—C—CH, 


CH,CH, 


(A) n-hexane 

(B) 2-methyl-2-ethylbutane 

(C) 3,3-dimethylpentane 

(D) 2,2-diethylpropane 

(E) 3-ethyl-3,3-dimethylpropane 
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63. 64. 


In [A] 


Time 


The graph shown is consistent with this type of 
reaction. 


(A) Zero order 
(B) First order 
(C) Second order 
(D) Third order 
(E) Exothermic 


When placed in a hot flame, copper nitrate 
crystals will turn 


(A) yellow. 
(B) violet. 

(C) blue-green. 
(D) orange. 
(E) red. 
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Part I: Diagnosing Your Strengths and Weaknesses 


Diagnostic Test 


Answer Key 


Number Answer Chapter/Topic 


Number Answer Chapter/Topic 


1. 
2. 


з 


р 
А 


J 


QnbnunuwU»uwnoluUlU»u 


> О шор w 


опа очра 


> С) 


Chapter 3 Atomic Structure 
Chapter 8 States of Matter— 
Liquids and Solids 
Chapter 14 Additional 
Equilibrium Concepts 
Chapter 4 Nuclear Chemistry 
Chapter 13 Acids and Bases 
Chapter 16 Thermodynamics 
Chapter 18 Organic Chemistry 
Chapter 10 Reaction Types 
Chapter 15 Kinetics 
Chapter 11 Stoichiometry 
Chapter 12 Equilibrium 
Chapter 9 Solutions 
Chapter 17 Electrochemistry 
Chapter 5 Chemical Bonding 
Chapter 6 Molecular Geometry 
Chapter 7 States of Matter— 
Gases 
Chapter 3 Atomic Structure 
Chapter 5 Chemical Bonding 
Chapter 4 Nuclear Chemistry 
Chapter 8 States of Matter— 
Liquids and Solids 
Chapter 16 Thermodynamics 
Chapter 14 Additional 
Equilibrium Concepts 
Chapter 9 Solutions 
Chapter 6 Molecular Geometry 
Chapter 15 Kinetics 
Chapter 10 Reaction Types 
Chapter 4 Nuclear Chemistry 
Chapter 8 States of Matter— 
Liquids and Solids 
Chapter 11 Stoichiometry 
Chapter 7 States of Matter— 
Gases 
Chapter 5 Chemical Bonding 
Chapter 17 Electrochemistry 
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34. 
35. 
36. 
37. 
38. 
39. 
40. 
41. 
42. 


43. 
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Chapter 9 Solutions 
Chapter 6 Molecular Geometry 
Chapter 16 Thermodynamics 
Chapter 12 Equilibrium 
Chapter 3 Atomic Structure 
Chapter 10 Reaction Types 
Chapter 11 Stoichiometry 
Chapter 13 Acids and Bases 
Chapter 15 Kinetics 
Chapter 14 Additional 
Equilibrium Concepts 
Chapter 8 States of Matter— 
Liquids and Solids 
Chapter 12 Equilibrium 
Chapter 13 Acids and Bases 
Chapter 4 Nuclear Chemistry 
Chapter 6 Molecular Geometry 
Chapter 15 Kinetics 
Chapter 9 Solutions 
Chapter 7 States of Matter— 
Gases 
Chapter 3 Atomic Structure 
Chapter 11 Stoichiometry 
Chapter 17 Electrochemistry 
Chapter 16 Thermodynamics 
Chapter 13 Acids and Bases 
Chapter 12 Equilibrium 
Chapter 10 Reaction Types 
Chapter 5 Chemical Bonding 
Chapter 17 Electrochemistry 
Chapter 14 Additional 
Equilibrium Concepts 
Chapter 7 States of Matter— 
Gases 
Chapter 18 Organic Chemistry 
Chapter 15 Kinetics 
Chapter 14 Additional 
Equilibrium Concepts 


Strategies 


PREVIEW 


кА: NE The AP Test 


Structure 


Chapter 


The AP Test Structure 


As part of your preparation for the AP Chemistry exam, you are taking a 
class. The purpose of the class is to teach you the content of the exam—the 
chemistry. While this is undoubtedly the most significant information to 
learn, there are some other things you can learn to prepare for the test. 
Remember, this is a one-shot deal—you only have one chance to prove what 
you have learned over the course of an entire year of school. Most of this 
book is devoted to review of the content of chemistry, but this chapter is 
designed to help you learn more about the actual AP test. You will learn 
about the question formats and the scoring process for the free-response 
questions. You will also learn some pacing, guessing, and test-taking 
strategies that can really boost your confidence—and your score! 


REVIEW OF THE AP QUESTION TYPES 


In the Introduction, we looked at the format of the exam—the two main 
portions of the test are multiple choice, worth 45 percent of the total grade, 
and free response, worth the remaining 55 percent. Now that you' ve had a 
chance to get a general feel for the test, let' s begin to take a closer look at the 
test's design. There are certain types of questions that appear on the AP 
Chemistry exam. Becoming aware of these types of questions, as well as 
learning some strategies to answer them, can help you become more 
confident when you take the exam. 

The main advantage of the multiple-choice section is that there are five 
answers to choose from, and the correct answer is always given to you! 
Properly written multiple-choice questions should not be easy to answer, 
however. Despite the fact that the correct answers are found somewhere in 
the five choices, the correct answer will be imbedded among what are known 
as distracters. Distracters are choices that are close to being correct but that 
are not the correct answer. The main difficulty comes from the amount of 
time you’re given on this section. There are 75 questions to complete in 90 
minutes. That’s an average of 1 minute and 12 seconds per question—and 
without the benefit of a calculator! For those of you who spent long evenings 
working on problem sets that only had a handful of problems in them, this 
may have you concerned. Take heart, though, because there are some tricks 
you can learn to save you time, especially since you have the correct answers 
in front of you. So, one portion of this chapter is devoted to learning typical 
formats for multiple-choice questions on the chemistry exam and how best 
to approach each to save time and improve your performance. 
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The main difficulty of the free-response section is that the answers are not 
provided for you. You have the benefit of more time (and on part A, you can 
use a calculator), but you're on your own for coming up with a solution. For 
the free-response questions, it is important to become familiar with the 
scoring rubrics. Knowing how your answers will be graded can help you 
answer questions more efficiently and with a higher probability of earning 
points. Later in this chapter we will look at some strategies for writing 
effective free-response answers. 


THE AP CHEMISTRY ANSWER SHEETS 


For Section I of the test (the multiple-choice questions), you will be 
provided a test booklet and an answer sheet. The answer sheet is a bubble 
sheet, and the test booklet contains all of the multiple-choice questions. 
You are not allowed to use scratch paper on the test, and you will have to 
put your calculator away. Any extra writing you need to do (e.g., calcula- 
tions) can be done in the margins of the test booklet—not on the answer 
sheet! As far as the bubble sheet goes, first make sure you're using a #2 
pencil—that way, the marks you make will be dark enough for the scoring 
machine to read. In addition, you must make sure that your answers are 
neatly bubbled into the ovals. 

For the free-response questions, you will be given a separate packet. The 
first part of the packet consists of your answer booklet. All answers are to 
be written here. You will also be given a green packet that contains the 
questions and a great deal of reference material—a periodic table, a table of 
standard reduction potentials, and several pages of formulas and constants 
(shown in tables 1.1 through 1.7). 


SOME TEST-WISE STRATEGIES FOR AP SUCCESS 


What makes some people better test-takers than others? The secret isn't just 
knowing the subject, it' s knowing specific test-taking strategies that can add 
up to extra points. This means psyching out the test, knowing how the test- 
makers think and what they’ re looking for, and using this knowledge to your 
advantage. Smart test-takers know how to use pacing and guessing to add 
points to their score. 


Pace Yourself 


Remember, on the multiple-choice section you have about 1 minute and 12 
seconds per question. But there will be some questions that won't take that 
long. Using less time on the easier questions will give you more time for the 
harder ones. Learning to pace yourself is extremely important. Here are 
some pacing guidelines you should remember: 


Table 1.1 


STANDARD REDUCTION POTENTIALS IN AQUEOUS 


SOLUTION AT 25°C 
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Half-reaction E((V) 


Lit +e 
Cst +e 
К++е 
Rb* +e 
Ва2* + 2e 
Sr* + 2e 
Ca* + 2e 
Na + е 
Mg^*2e 
Ве?* + 2e 
АР* + 3e 
Mn” + 2e 
Zn** + 2e 
Cr + Зе 
Fe** + 2e 
Crt + ег 
Cd** + 2e 
Th +e 
Co* + 2e 
NI” + 2e 
Sn** + 2e 
Pb? -2e 
2H* + 2e 
SC) + 2H+ + 2e 
Sn* + 2e 
Cu* +e 
Cu + 2e 
Cu + е 
LCs) + 2e 
Fe% + e 
Hg,” + 2e 
Agt +e 
Hg* + 2e 
2Hg^* + 2e 
Вг,(0 + 2e 


O,(g) + 4H* + 4e 


CL (g) + 2e 
Au** + Зе 
Со?* +e 
F.(g) + 2e 


УУ КАУ А ЕУ Ел bi УУ АКАУ АУ АКМ АУ bv bd ddd db ЛУ МЕ САЙ МУЗА МУ tise 


Li(s) 
Cs(s) 
K(s) 
Rb(s) 
Ba(s) 
Sr(s) 
Ca(s) 
Na(s) 
Mg(s) 
Be(s) 
Al(s) 
Mn(s) 
Zn(s) 
Cr(s) 
Fe(s) 
Cr* 
Cd(s) 
TI(s) 
Co(s) 
Ni(s) 
Sn(s) 
Pb(s) 
H,(g) 
H,S(g) 
Sn?* 
Cu* 
Cu(s) 
Cu(s) 
2r 
Fe?* 

2 Ag) 
Ag(s) 
Hg(/) 
Hg,” 
2Br 
2H,O(1) 
2Cl 
Au(s) 
Co?* 
2F 


-3.05 
-2.92 
-2.92 
-2.92 
-2.90 
-2.89 
-2.87 
-2.71 
-2.37 
-1.70 
-1.66 
-1.18 
-0.76 
-0.74 
-0.44 
-0.41 
-0.40 
-0.34 
-0.28 
-0.25 
-0.14 
-0.13 
0.00 
0.14 
0.15 
0.15 
0.34 
0.52 
0.53 
0.77 
0.79 
0.80 
0.85 
0.92 
1.07 
1:23 
1.36 
1.50 
1.82 
2.87 
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Table 1.2 ATOMIC STRUCTURE 


AE = hv 
c=Av 
h 
"mv 
р= ту 
-2.178 x 10 
En= 7 x: joule 


Table 1.3 EQUILIBRIUM 


[B] 
K = [OH-][H*] = 1.0 x 107^ at 25°C 


-KOXK, 
pH = -log[H*], pOH = -log[OH ] 
14 = pH + pOH 
рН= pK, 4 log Bal 
“ [RA] 
[нв'| 


OH = pK, + 1 
p рК, + log [в] 


pK, = -logK „рК, = -logK, 
K „= К (RTYn 


Where Ал = moles product gas — moles reactant gas 


Questions Usually Go from Easiest 
to Most Difficult—You Should Too 


While each successive problem may not be more difficult, you should keep 
in mind that the earlier problems tend to be the easiest. Work as quickly as 
you can through the beginning of the test. Don't get lulled into a false sense 
of security because you appear to be maintaining a good pace in the first 
part—it’s going to get harder! 


You Can Set Your Own Speed Limit 


All right, how will you know what your speed limit is? Use the practice tests 
to check your timing and see how it affects your answers. If you’ ve answered 
most of the questions within the time limit but also have a lot of incorrect 
answers, you'd better slow down. On the other hand, if you are very accurate 
in your answers but aren’t answering every question in a section, you can 
probably pick up the pace a bit. 
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Table 1.4 THERMOCHEMISTRY 


А$° = Ms? products — У S° reactants 
AH° = LH °f products — LH °f reactants 
AG? = ХАС °f products — by Gf reactants 


AG?  AH?^- TAS? 
= -RT ln К = -2.303 RT log К 


--n'k E? 
AG = AG?- КТО = AG? + 2.303RT logQ 
q = mcAT 
AH 
CS 
Р АТ 
E = energy 


v= frequency 

À = wavelength 

p = momentum 

v = velocity 

n = principal quantum number 

m = mass 
Speed of light, c = 3.0 x 108 m s! 
Planck's constant, Л = 6.63 х 10°4 J s 
Boltzmann's constant, k = 1.38 x 1022 J КА! 
Avogadro' s number = 6.022 х 107? molecules тої! 
Electron charge, e = —1.602 x 107? coulomb 


1 electron volt per atom = 96.5 kJ mot! 


It’s Smart to Keep Moving 


It's hard to let go, but sometimes you have to. Don't spend too much time 
on any one question before you've tried all the questions in a section. There 
may be questions later on in the test that you can answer easily, and you don't 
want to lose points just because you didn't get to them. Remember, all of the 
questions are worth the same amount of points—you won't get extra points 
for solving that really difficult problem. If you get stuck, it's better to bail 
and try for an easier question. 


You're Going to Need a Watch 


If you're going to pace yourself, you need to keep track of the time—and 
what if there is no clock in your room or if the only clock is out of your line 
of vision? It's a good idea to bring a simple, non-digital watch to the test. 
Don'tusea watch alarm orelse your watch will end up on the proctor's desk. 
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Table 1.5 EQUILIBRIUM CONSTANTS 


K, (weak acid) 

K, (weak base) 

K,, (water) 

K „(раз pressure) 

К. (molar concentrations) 

S? = standard entropy 

H’? = standard enthalpy 

G? = standard free energy 

E° = standard reduction potential 
T = temperature 


n=moles 
m = mass 
q = heat 


c = specific heat capacity 
C, ‚ = molar heat capacity at constant pressure 
1 faraday, y= 96,500 coulombs 


P = pressure 

V = volume 

T = temperature 

n = number of moles 


D = density 

m = mass 

v = velocity 

И тх = root-mean-square speed 


KE = kinetic energy 
r = rate of effusion 
M = molar mass 
п = osmotic pressure 
i = van't Hoff factor 
K,- molal freezing-point depression constant 
K, = molal boiling-point elevation constant 
Q = reaction quotient 
I = current amperes 
q = charge (coulombs) 
t = time (seconds) 
E?- standard reduction potential 
K = equilibrium constant 
Gas constant, R = 8.31 J mol! K^! 
= 0.0821 L atm mol! К^! 
= 8.31 volt coulomb mol! К^! 
Boltzmann's constant, k = 1.38 x 10723 J К! 
K, for НО = 1.86 K kg mol! 
K, for H,O = 0.512 K kg mol! 
STP = 0.000 °C and 1.000 atm 
Faraday’s constant, F = 96,500 coulombs per mole of electrons 
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Table 1.6 GASES, LIQUIDS, AND SOLUTIONS 


PV-nRT 


2 
[os "jv - nb) = nRT 


х XA, where XA = —— —— 
total 
total moles 


moles A 
PA-P 


P = РА+РВ+РС+... 


total 


m 
n=— 
M 
K=°C +273 
FY, _ Pv, 
TL Т, 
m 
D=— 
V 
3kT |3RT 
Ums = 4{ — 4) л, 
m y M 


1 
KE per molecule = a 


3 
KE per mole = a 


molarity, M = moles solute per liter solution 
molality = moles solute per kilogram solvent 
AT,= iK eX molality 
AT, = iK, x molality 
nRT . 
ү i 


Т = 


Table 1.7 — OXIDATION-REDUCTION; ELECTROCHEMISTRY 


Q [E h А + bB ^ cC + dD 
= a b , where a. [^ 
[^T LB] 


1= 
ГА 
о RT 
Ел = E, E rag InQ 
o 0.0592 " 
=E- log Q at 25°C 
n 
nE’ 
log K = 
0.0592 
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Learn to Be a Good listener 


In Chapter 1, we told you that the fractional deduction for wrong answers 
makes random guessing a wash—statistically speaking, you're unlikely to 
change your score. This means that if you come to a question that you have 
absolutely no idea how to answer, you're probably better off skipping it and 
moving on rather than choosing an answer at random. 


Educated Guessing Will Boost Your Score! 


Although random guessing won't help you, anything better than random 
guessing will. On most questions, you should be able to guess better than 
randomly by using common sense and the process of elimination techniques 
that are developed throughout this book. Even if you aren't certain which 
answer is correct, you might be certain that one or more of the answer 
choices is definitely wrong. If you can eliminate one choice out of five, you 
have a 25 percent chance of guessing correctly. If you can knock out two 
choices, the odds go up to 33 ; percent. If you can knock off three, you have 
a 50/50 chance of guessing the right answer. With odds like these, it makes 
sense to guess. 


The Easy Answer Isn't Always THE Best ANSWER 


Make sure you read all of the choices before selecting your choice. Quite 
frequently, test-makers will put an attractive—but incorrect—answer as an 
(A)or (B) choice. Reading all ofthe choices decreases your chances of being 
misled, particularly in questions where no calculations are involved. 


You Need to Work Quickly and Carefully 


You're smart enough to know that with 90 minutes for 75 questions, you 
don't have time to dillydally. You also know that this is a high-stakes test. 
When you do a homework problem or even a problem on a chapter test in 
class, a careless error may not have devastating effects. However, too many 
careless mistakes on this test will lower your score in a hurry. Therefore, it's 
important to follow some simple guidelines as you prepare for the exam. 
These guidelines can help to minimize your careless errors and improve 
your rate for problem solving. 


Know Your Stuff 


While all ofthese strategies are helpful, there is no substitute for knowledge. 
If you don't know the material, your odds of getting correct answers are 
extremely limited. As we said in the last chapter, you may not know every 
bit of information on the exam, but it is important that you remember the 
information you have learned. The chapters in this book will help you to 
effectively and efficiently review that material. 
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Use Common Sense 


Itis always important to make sure your answers make sense. On multiple- 
choice questions, it might be readily apparent that you've made an error 
(e.g., none of the choices match your answer). However, on the free 
response, there is no immediate feedback about the accuracy of your answer. 
It is important to inspect your work to make sure it makes sense. For 
example, if you are solving an acid-base problem and your calculated pH is 
15.3, you may want to look over your work! Before you solve a problem, 
think about what you would expect the answer to be prior to working it out. 
If there is a large discrepancy between your calculated answer and your 
prediction, you may have made an error. 


Put down Your Calculator 


You only get to use your calculator for one part of the test, so all calculations 
on the multiple-choice section must be done in your head or with pencil and 
paper. Couple this with the 1 or 2 minutes you'll have to answer each 
question and you can see how you might have difficulty crunching numbers 
by hand in such a short amount of time. One thing in your favor is that in 
1996, when the College Board eliminated calculators from most of the test, 
the problems were rewritten so that the numbers were easier to work with. 
For example, in a stoichiometric conversion involving a compound like 
H,SO,, you might be given a mass of 100.1 g or 200.2 g to describe it. A 
quick determination of the molar mass of H,SO, (98.1 g mol!) lets you see 
right away that you are dealing with a whole number of moles of sulfuric acid 
inthe problem. On the portions ofthe exam where calculators are prohibited, 
you should expect to deal with numbers that are fairly easy to work with. 
However, you want to sharpen your skills for solving problems without a 
calculator. You don't want the AP exam to be your first time working 
without your calculator. Make sure that when you go through this book, 
particularly the practice tests, you do so without your calculator. Forcing 
yourself to work through the problems by hand will sharpen your skills and 
improve your speed. 


Logarithms 


There are several formulas that require the use of logarithms. Because 
logarithms аге easy to work with on a calculator, you may never have learned 
much about what they actually are. Becoming familiar with a few properties 
of logarithms can help you work more quickly on some problems, especially 
pH problems. If you recall, the formula for the determination of pH is 
pH = -log[H*]. You usually are given some value for the concentration of 
hydrogen that is a small value like 1.0 x 102. If you were to calculate an 
answer, you would find that pH = -log [1.0 х 10°] = 3. In other words, a pH 
of 3 is the same as 10°. Further investigation will show that a pH of 4is equal 
to 10^. Care to make a prediction about the hydrogen ion concentration of 
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a solution with a pH of 5? You got it—it' s 105. So, what if you have a [H*] 
of 2.4 x 10^? Well, you know that the value is greater than 1 x 10 and less 
than 1 x 102. Therefore, the answer should be between pH = 3 and pH = 4. 
You can quickly rule out any choices that are not in this range. 


MULTIPLE CHOICE 
The Typical Multiple-Choice Question 


The typical design of a question with five correct choices is to have one 
distracter that is very close to the correct answer, two that are still similar, 
and one that can usually be ruled out almost immediately. The structure of 
the distracters will vary according to the type of question that is being asked. 
For example, if a calculation is involved, the test-makers will often use 
various incorrect forms of the formulas to obtain the distracters. For 
example, take a problem that is a calculation using Charles's Law, which 
states that the ratio of volume to absolute temperature will remain constant 
for a gas at constant pressure: 


What volume will an amount of nitrogen gas occupy at 77? if the gas 
occupies a volume of 400 ml at a temperature of 27?? 


To solve this problem, you would first need to convert each temperature to 
kelvin. In doing so, you would have the following information: 


Т, = 27° С= 300 К 
Т,= 77° С= 350 К 


V, = 400 ml 
У,=? 
ее / NC : | 
Since T =k (constant), then т = т ; rearranging the equation, we get 
1 2 
ME 
2 T . 


1 
At this point, let's look at the possible answers. The distracters are enclosed 


in parentheses. 


400 ){ 77 
(A) 1141 ml (uses (400)(77) ; note temperatures are in °C) 


27 
400 ){ 300 
(B) 343 ml (uses E ; note T is in kelvin but inverted) 
400 (27 
(C) 140 ml (uses E ; combination of choices A and B) 
400 (350 
(D) 467 ml (uses (2000958 ; correct answer) 
300 
400 
(E) 1.33 ml (uses 300 ; missing Т) 
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Animportant consideration: If you make any ofthe errors shown above, you 
will get one of the answers above, which can make you believe you have 
gotten the problem right! It's very important to know how you are going to 
proceed before you attempt to solve a problem. 


The Use of Multiple Answers 


Another version of multiple-choice questions that you will encounter on the 
exam is the use of multiple answers. This technique, used to various degrees 
in the chemistry exam, provides three different choices. The five possible 
answers involve different combinations of the three choices. Look at this 
sample question about periodicity: 
As you move from left to right between elements 11 and 17, 
I. atomic radius decreases. 
II. ionization energy decreases. 

III. electronegativity increases. 

(A) I only 

(B) II only 

(C) III only 

(D) I and III 

(E) I, II, and III 
The problem with these questions is that if you are uncertain about one of 
the choices, they become increasingly more difficult to answer. For ex- 
ample, if you are not sure whether II is a correct answer, you may not know 
how to deal with choices (D) and (E). However, a second look might provide 
you with some clues about how to guess. For example, if you are only 
uncertain about number II but you are sure that I and III are correct, you can 
at least rule out (A), (B), and (C) as possible choices. This leaves you with 
a 50 percent chance of guessing correctly. 


Reverse Multiple Choice 


The AP exam usually starts out with yet a third type of question: something 
called a reverse multiple choice. That is, five choices are listed, and then 
several questions follow. You are supposed to answer each question with 
one of the choices from the list. For example, say you are given a problem 
about electron configurations. It might read something like this: 


Questions 1-4 
(А) 1522522р! 
(В) 1522р! 
(С) 1522522р6352 
(D) 1522522р?35! 
(E) 1522522рё 
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Corresponds to a noble gas 
Represents an impossible configuration 


Ground state configuration for Mg 


Js Or 9e qu 


Represents an atom in an excited state 


In case you were trying to answer these, the answers are 1. (E), 2. (D), 3. 
(C), 4. (B). 

A few things to remember about these problems: there are usually more 
choices than questions (that's to keep you from getting any right by process 
of elimination), and you may be able use answers more than once. 


THE FREE-RESPONSE QUESTIONS 


If you recall from the Introduction, the free-response portion ofthe test has 
two sections. In Section I, you are permitted to use a calculator, but in 
Section IL, you are not. In Section I, there is one mandatory question and 
two additional problems from which you must choose one. Because you 
are allowed to use your calculator, anything goes. That is, the numbers 
won't be as convenient to work with as they are in the multiple choice. 
Also, because the correct answers are not somewhere in front of you, you 
will have to be much more alert about careless errors. In addition, you will 
need to attend to significant figures (see Chapter 2) when writing your 
answers. On Section II, you can count on one question giving you written 
descriptions of eight chemical reactions. You are provided with a descrip- 
tion of the reactants and any special treatments (1.е., heating or electroly- 
sis) and are asked to write out symbolic equations for five of them. On the 
remainder, you will be given two mandatory questions and two other 
questions, from which you will select one. These questions in Section II 
of the test are much more conceptual in nature and will resemble the format 
ofthe multiple-choice exam. Any questions requiring calculations will use 
numbers that are easy to work with. This is not to say that the questions are 
easy! They are very challenging. It just means that the calculations will not 
be the challenging part of the question. 

Before we take a detailed look at free-response questions, you may be 
interested in knowing what topics appear most frequently in this section. In 
the table that follows, you will see the topics that have appeared in the Free 
Response portion of the AP Chemistry exam for the last three years. 
Following the table is a graphical summary of the table. An important note: 
Don't rely too heavily on this information. That is, don't skip your study of 
a section simply because it hasn't appeared very often. The questions are 
changed every year, and you never know when the College Board will 
decideto throw thatone topic in there. However, you can usethe information 
to help you create a personal study plan for the exam. You should see that 
some topics are almost always on the exam. If you're going to skip any 
sections or go lightly over them during your review, these would not be the 
best topics to skip. The other reason for giving you this information is to 
reduce anxiety. The more familiar you become with the exam, the less 
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intimidated you will be by it. Minimizing your fear will help to maximize 
your confidence and, hopefully, your success! 


Free-Response Topics Over the Years 


In the table that follows, keep in mind that only the general topics are listed. 
There are some questions in the free-response questions that require you to 
integrate topic areas (e.g., free energy and equilibrium). In such instances, 
the primary topic of the question is listed. Also, there is no distinction of 
whether the question was a Section I (calculator) or a Section II (non- 
calculator) question. Finally, because the question with the eight reactions 
(from which you select five) appears every year, these have been omitted in 
the interest of space. 


OVERVIEW OF THE 
FREE-RESPONSE PROBLEMS 


Part A 
Calculator Questions 


Remember, in this section there are three questions, one required and two 
from which you select one. The first problem deals with some aspect of 
equilibrium and will consist of several parts, usually from five to seven. 
Each partis worth 1 or 2 points, for a total of 9 points. Average scores on this 
problem tend to be somewhere around 4. The two optional problems also 
contain multiple parts, with each worth 9 points. Scores on this question 
range from 4 to 5. 


How to Improve Your Chances of Getting Points 

There are some important factors to consider here. First, the graders are 
grading lots of papers—hundreds of them. Try putting yourself in their 
place. Picture yourself, after a long day of scoring chemistry papers, trying 
to grade a paper that is a mess, that is missing work, and that has some 
mistakes. Now picture yourself, after a long day of grading, scoring a paper 
that is neat and organized and that follows a logical progression. Can you 
picture it? Surely the second paper is likely to receive a warmer reception 
than the first. That's notto say that you can be completely incorrect and still 
get points for having attractive answers. However, there are opportunities 
for partial credit, that you want to take full advantage of. Graders don't take 
pleasure in deducting points from a paper, particularly when they think you 
might have known what you were doing. 

The second point to remember is that the grader does not know you. While 
this may be a rather obvious statement, there is a reason for mentioning it. 
Your teacher, despite his or her best attempts to be objective, may give you 
alittle leeway on grading because he or she knows you and knows what you 
probably meant to say in your essays. The graders for the AP exam don't 
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1998 


1999 


2000 
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Main Topic Details 

Acid-Base Ka, Kb, concentration 
Electrochemistry Half-reactions, cell potential 
Kinetics Order, rate law, mechanism 
Bonding Lewis structures, polarity 
Atomic theory/Bonding Ionization energy, ionic radius 
Thermodynamics AS, AG, Kp 

Nuclear Decay, mass defect 


Laboratory procedures 
Equilibrium 
Stoichiometry 


Thermodynamics 
Laboratory Procedures 
Kinetics 


Equilibrium 
Electrochemistry 
Various topics 


Equilibrium 
Acid-Base 

Atomic structure 
Kinetics 

Laboratory procedures 


Thermodynamics 
Bonding 


Acid-Base 
Equilibrium 
Electrochemistry 
Stoichiometry 
Laboratory procedures 
Thermodynamics 


Kinetics 


Atomic structure 
Acid-Base 


Mass percent of an unknown soluble salt 

Ksp 

Empirical formula, molar mass (freezing point 
depression), molar mass (vapor density) 

AH, AG 

Acid-Base titration 

Essays: graph interpretation (activation energy, 
rate, rate law) 

Le Chátelier's 

Essays: electrochemical cell concepts 

Essays: bonding, solubility, organic (isomers), 
oxidizing/reducing agents 

Ksp 

K, pH, Kb, titration 

E, À, v, emission spectra 

Rate law, reaction mechanism 

Determination of the molar mass by vapor den- 
sity 

Essay: AH, AS, AG 

States of matter: solids, liquids 

Lewis structures, bond lengths, molecular ge- 
ometry 

K, pH, Kb, titration 

К, К E stoichiometry 

E°, AG, half-reactions, electrolytic cell 

Mass percent, water of hydration, redox titra- 
tion 

Molar mass determination by freezing point 
depression 

Hess's law, prediction of signs of entropy, free 
energy 

Rate law expression from data, reaction mecha- 
nism 

Various questions about atomic structure 
Various questions about strong acid/weak base 
titration 
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Occurence of Topics Since 1979 


3t of occurences 


know you. They won't know what you probably meant—unless you write 
it down. You may know exactly how to answer every question, but if you 
don't write anything down, no one will ever know. 


Be Neat 


There's nothing more frustrating for a teacher or grader than trying to 
decipher chicken-scratch. You don't want the grader spending her time 
frustrated while trying to grade your work. Let her focus on the content 
rather than the form. The answers are not lengthy, so do your best to be neat 
and organized. 


Show All of Your Work 


One thing that many students resist is showing the steps in a calculation. 
They often figure that they have done the work on their calculator or in their 
heads so it isn't worth writing down. This test is not the time to be stubborn 
or to make a point. Write down all of your steps. There are times when the 
bestofus make mistakes in a calculation. If you only show your answer, and 
it happens to be incorrect, the grader has no choice but to give you no credit 
for the entire question. 

Forsome questions, your answer to one part will be used later in a different 
part. Let's say that you got the first part wrong but did the second part 
correctly. If you only show your answers, the incorrect answer from the first 
part will cause you to miss the second question as well. However, if you 
show all of the steps in the calculation, the grader can still award you full 
credit for the second part, even though the answer is incorrect. Writing down 
all of your steps makes sense. 
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Show Them What You Know 


You will have a few opportunities to insert extra information to show the 
grader you really do know what you're writing about. For example, if you 
are solving a problem that requires the use of the Nernst equation, label the 
equation after you write it down. This gives an impression that you are well 
versed with the topic. On the other hand, if you aren't quite sure about some 
information, it’s best to leave it out (unless you are required to put it down). 
For instance, if you label the Nernst Equation as the Schródinger equation, 
you won't impress anybody! 


Include Labels and Units Of Measure 

Remember, all numbers that appear on the exam are measurements (with the 
exception of a few ratios). Because of this, all numbers should be followed 
with an appropriate unit of measure. Writing down all of your units will let 
the grader know you are paying attention to detail in the problem and will 
portray you as a conscientious student. You should practice using units in all 
of the practice problems in this book as well as at school. If you do, this will 
come naturally for you when you get to the test. 


Significant Figures 

The graders are allowed to take off one point per question for significant 
figures. This is a free point! It doesn't require you know anything about 
chemistry. The questions are hard enough without losing points for some- 
thing like this. The graders are usually allowed to give you leeway of +1 digit 
on your answers. If all else fails, keep in mind the number 3. Most textbooks 
and tests use three significant digits in their problems. More often than not, 
if you write your answers with three significant figures, you will be correct. 
In Chapter 2, we will review the rules for significant figures. 


Choose Wisely 

You don’t get any more credit for selecting a more difficult question. This 
is also not an opportune time to challenge yourself. You have plenty of time 
to do that after you take the exam if you still feel compelled to do so. So, when 
given a choice between questions, read through each before deciding which 
one you will answer. Make sure you read all parts of all choices before 
making your decision. Some may start easy and then have a landmine (a 
really difficult part) buried toward the end. Others may start with a hard part 
and have easier parts at the end. You need to read all of the choices to make 
an informed decision. 

Don’t be tempted to answer both. You don’t get any bonus points for 
answering extra questions on the test, nor should you waste time with such 
an attempt. You are far better off devoting your time to the required number 
of questions. If you begin to answer one question and change your mind, 
make sure you cross out or erase any portions that you may have started. This 
will prevent them from being accidentally graded. 
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Part B 
Chemical Equations 


In this section, you will begin with the reaction questions. Recall, you are 
given eight partial equations from which you are to select five. In each 
question, you are provided the reactants and any conditions of the reaction. 
You are then to write an equation for the reaction. The directions for this 
section tell you to assume that all solutions are aqueous unless otherwise 
indicated. You are also instructed to represent substances in solution as ions 
if the material is extensively ionized, and you should omit the formulas for 
any ions or molecules that are unchanged by the reaction (spectators, for 
instance). It is not necessary to balance the equations in this section. Don't 
waste the time doing that. Here is a sample problem that illustrates this 
portion of the test: 


Sample: A sample of zinc powder is added to a solution of silver nitrate. 
Answer: Zn + Ag* > Zn?* + Ag 


That is all that is necessary here. Note that, as directed, the equation is not 
balanced, the solution is assumed to be aqueous, the silver nitrate in solution 
is shown as ions, and the nitrate ion is omitted because it remains unchanged 
in the reaction. If you have time at the end of the test —but only if you have 
time—go back and add details to the equations, such as (aq), (e), or (Т). These 
details are not required, but they help to establish you as a more knowledge- 
able and thorough student. Again, don't add anything you're not sure of. 
There are other factors to consider in this section, but these will be addressed 
in more detail in Chapter 10. 


THE ESSAYS 


These are not like the essays you write in English class. Most of the answers 
in this section are only a few sentences long. You don't get any extra points 
for writing long responses, so don't do it! Here are some other things to 
remember as you answer the essays. 


Be Logical 


Each question has several parts. Make sure you have read through each of 
these. In some questions, there is a logical progression from one question to 
the next. In your answers, be sure to reflect this overall structure. It helps the 
grader know that you are able to grasp the “big picture" in the problem. 
Before you attack the individual parts of the question, it helps to jot down 
an outline in your green packet (the one you aren't writing your answers on). 
This will help you to frame the question and develop a strategy to answer it. 


Answer All Parts Separately 


Do not write a giant paragraph that includes all of your answers. Address 
each subpart in a separate, lettered section. 
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Be Thorough 


Don't assume that the grader knows anything (even though he probably 
knows everything about the topic). Making this type of assumption can 
cause you to omit important information from an answer. For example, if 
you were asked to identify the oxidizing agent for a reaction (for which an 
equation has been given), show the grader that you know what an oxidizing 
agentis. In youranswer, you might write, "The oxidizing agent, or substance 
that causes another to lose electrons in a chemical reaction, is..." By writing 
your answer this way, you letthe grader know that you understand the topic. 
There are times when partial credit can be awarded for correct descriptions 
of portions of the question. Don't lose these points just because you have 
assumed the grader already knows the information. Of course he knows it. 
You are trying to make sure he knows that you know it. 


Don't Overdo It 


Over the years, many students develop the “shotgun approach" to answering 
essay questions. A shotgun sprays a large amount of small lead shot around 
with the idea that some of it will hit the target. Likewise, these students will 
write down everything they know in hopes that some of it will answer the 
question. The AP graders are on to that game. It doesn't work. They do not 
want to wade through endless amounts of writing to try to find the pearls 
that are buried within. Be clear. Be concise. Say what you need to—and 
nothing else. 
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Summary: Know What You 
Are Up Against 


Familiarize yourself with the structure of the AP Chemistry exam. 
Knowing the test format will relieve test anxiety because you will know 
exactly what to expect on test day. 


Learn the given information. Your test booklet will provide you with 
important data and formulas. Don't waste time memorizing that informa- 
tion. Learn how to use it and know where you can find it during the test. 


Make sure you fill in the bubble sheet neatly. Otherwise, the scoring 
machine won't give you credit for your answers. 


Pace yourself. You must work quickly and carefully throughoutthe test. 
Youcan still get a very high score without answering all ofthe questions. 
Answer as many as you can as quickly as you can, and then go back and 
try to fill in the others. 


Remember that random guessing will have no effect on your score, but 
educated guessing will boost your score. So, if you've had time to read 
through a question and eliminate at least one choice, take a guess! 

In the free-response sections, be neat, thorough, and very clear. You do 
not wantthe graders having to guess what you wrote or what you meant. 
Remember—if you're working through this book, you're giving your- 
self the best preparation available for succeeding on the AP exam. Let 
your preparation give you the confidence you need to be calm and 
focused. 
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Problem Solving 
and Measurement 


A good portion of the AP Chemistry exam deals with calculations, either 
with or without the aid of a calculator. For all of these problems, there are 
two different components—the chemistry component and the math compo- 
nent. Most of this book is devoted to a review of the chemistry component 
of the problems, but this chapter is designed to review a few important 
mathematical skills that you will need to know as you work through the 
problems. Three skills that are critical to success on the AP Chemistry test 
use significant figures, scientific notation, and dimensional analysis. 

Inthe second portion of this chapter, we will review laboratory equipment. 
In addition to an occasional question about laboratory procedure, the AP 
exam now contains an essay question that is entirely devoted to laboratory 
procedure. The College Board has a recommended series of labs, many of 
which you should have completed prior to taking the exam, and the exam 
will contain a description of one of these labs for you to analyze. In this book, 
you will find information about these labs in the chapters that correspond to 
their subject. The College Board also recommends that you should be 
familiar with a variety of laboratory equipment. So, in the last part of this 
chapter, you will find a list of the recommended labs as well as diagrams of 
the lab equipment. Make yourself familiar with the equipment by name and 
function. 


DEFINING ACCURACY AND PRECISION 


Students frequently have misconceptions about the definitions of accuracy 
and precision based on popular uses of the words. The term accuracy refers 
to how close a measured value is to the true value of a quantity. In other 
words, it describes how close you got. Precision describes how close your 
measurements are to each other, not how close they are to the actual value. 
That is, if your values are close together, they are considered precise, even 
if they are nowhere near the true value (accurate). 

The distinction between accuracy and precision becomes extremely 
important when you considerreal-world measurements. For example, if you 
try to measure the distance between two objects using a meter stick, the 
accuracy of your answer is limited. The smallest markings on the meter stick 
are millimeters. Therefore, you can definitely know the exact number of 
millimeters, and you can even estimate one more place after the decimal. 
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The lab information 
presented in this 
book is certainly no 
substitute for the 
actual lab work, 
but it can serve to 
refresh your 
memory of those 
labs you have done 
and give you a 
basic idea of any 
labs you may not 
have had time to 
complete. 
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However, your value can be no more accurate than that as long as you are 
using a meter stick. It is possible that you may obtain a more sophisticated 
device, like a sonic range-finder, that can provide you with a more accurate 
measurement. The important thing to remember is that your data can be no 
more accurate than the device with which you are measuring. This concept 
is the foundation for the use of significant figures in calculations. 


USING SIGNIFICANT FIGURES 


In mathematics, most of the numbers you work with are pure numbers. They 
do not represent a real object or amount of any physical material. With 
numbers in chemistry, you are typically dealing with a quantity of some- 
thing. Even when you obtain a ratio, the ratio is obtained from the division 
of two measurements. The point is that you are dealing with physical 
quantities. One of the dangers when solving a problem using real measure- 
ments is that you may come up with answers that suggest more accuracy than 
could possibly be obtained from the measuring devices used. However, 
there are some simple guidelines that will help you decide which digits are 
significant and which should be ignored. 


Rules for Significant Figures: 


1. All nonzero numbers are significant. (Example: 1, 2, 3, 4, 5... etc.) 

2. Zeros between significant numbers are significant. (Example: 1002—Both 
Zeros are significant.) 

3. Zeros at the end after decimal are significant. (Example: 95.000— АП zeros are 


significant. These represent measured amounts.) 


4. Leading zeros (before significant numbers) are not significant (before or after 
the decimal). (Examples: 0.51 and 0.000007— None of these zeros are signifi- 
cant.) 

5. Zeros at the end before the decimal are not significant. (Example: 
1,875,000,000— None of these zeros are significant.) 


For numbers that are written in scientific notation, only the root portion of 
the number is considered. (Example: 1.605 x 10’ would have 4 significant 
digits.) 


You Try It! 
How many significant digits are present in each of the following? 


1. 6.908 g 2. 81801000 g 3. 893.760 g 
4. 56890 ст _ |  5.8970000cm | | £6.0.000136 cm 
7. 345000 cm 8. 0.008710 L 9. 7890.0 L 


Answers: 1. 4 (rule 2) 2. 5 (rule 5—zeros at the end are place holders) 3. 6 
(rule 3) 4. 4 (rule 5) 5. 3 (rule 5) 6. 3 (rule 4—zeros are place holders) 7. 3 
(rule 5) 8. 4 (rule 4—first zeros are not significant; rule 3—last zero is 
significant) 9. 5 (rule 3— last zero is significant; rule 2—middle zero is 
significant because it is between two significant numbers) 
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With a basic understanding of significant numbers, you can now under- 
stand how to determine significant numbers in calculations. Assume that 
you measure the density of an unknown substance. Remember the equation 
for density: D=. The object had a mass of 25.35 g and a volume of 
4.2 ст?. Each of these measurements was taken by some measuring device 
and was measured as accurately as possible. If you substitute these numbers 
into the density equation, you get an answer of 6.03571429 g/cm’. But just 
because the calculator gives all of those digits doesn't mean that your 
measurements are accurate. So, where do you draw the line in rounding 
those long numbers? 

When measurements are used in calculations, it is important to keep track 
of the number of significant figures throughout the problem. This assures 
you that your answer will be no more accurate than the least accurate 
measurement. One important consideration for all problems is that the 
calculations should be completed before you round. Wait until you have an 


answer, and then round itto the proper place or number of significant figures. NOTE ! 
The rules for 
Addition and Subtraction an ERIE 
are slightly different 


The answer can only be as significant as the least accurate number (least 


for addition, 
place value). subtraction, 
Examples: 3.245 m + 3.98765 m + 5.98m +9 m=22 m аар апа 
6234g-40g-22g 

You Try It! 

1. 14.2 + 23.89 + 37.891 = 

2. 345.178 – 4.58 = 

3. 892.5 + 234 + 27.88 = 

4. 94.234 - 2.7 = 


Answers: 1. 76.0; 2. 340.60; 3. 1154; 4. 91.5 


Multiplication and Division: 


1. The answer can be only as significant as the least significant number 
involved (number of significant figures). 


Samples: 78.35 m х 3400 m = 270 000 m? 56.78 g + 6.7 ml = 8.5 g/ml 
2. Numbers that are written using scientific notation are treated the same 
way. The root portion of each number is what is counted. 


Sample: 6.02 x 10? atoms/mol x 1.4 mol = 8.4 x 10? atoms 


You Try It! 
. 3.08 Јх 5.25 = 


1 

2. 0.075 kg + 0.030 т = 
3. 4.50 х 107 тх 6.67 х 10 ѕ! = 
4. 3.00 х 10% m s! + 6.8 х 107m = 
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You only need to 
worry about these 
on the free- 
response portion 
of the exam. On 
the multiple-choice 
portion, they do 
not try to trick you 
by having two 
answers that differ 
only by the num- 
ber of significant 
digits. 
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Answers: 1. 16 J s 2. 0.0023 kg m, or 2.3 x 10? kg m 3. 3.00 x 108 ms"! 
4. 4.4 x 10" s! 


REVIEWING SCIENTIFIC NOTATION 


Many of the numbers you will deal with will either be very large (e.g., 
Avogadro's number — 6.02 x 10”) or very small (e.g., Planck’ s constant — 
6.63 x 10°4 J s). Rather than write these numbers with all of the zeros, it is 
much easier to use scientific (or exponential) notation 


Мх 10" 


where M is a number equal to or greater than 1 and less than 10 M must have 
one significant digit to the left of the decimal point. п is any positive or 
negative integer. 

To change a number into scientific notation: 


1. Determine M by moving the decimal point so that you leave only one nonzero 
digit to the left of the decimal. 


2. Determine п by counting the number of places that you moved the decimal 
point. If you move it to the left, the value of п is positive. If you move the 
decimal to the right, the value of n is negative. 


Sample: Write the following numbers in scientific notation: 
105 000 000 000 = 1.05 x 10" 0.00000587 = 5.87 x 10° 


You Try It! 

Write the following numbers in scientific notation: 
1. 400,780,000,000 = 2. 0.00052 - 

Answers: 1. 4.0078 x 10" 2.5.2 x 10“ 


USING DIMENSIONAL ANALYSIS 
TO ORGANIZE YOUR WORK 


There are a variety of problem-solving strategies that you will use as you 
prepare for and take the AP exam. Dimensional analysis, sometimes known 
as the factor label method, is one of the most important of the techniques for 
you to master. 

Dimensional analysis is a problem-solving technique that relies on the use 
of conversion factors to change measurements from one unit to another. It 
is a very powerful technique but requires careful attention during setup. The 
conversion factors that are used are equalities between one unit and an 
equivalent amount of some other unit. In financial terms, we can say that 100 
pennies is equal to 1 dollar. While the units of measure are different (pennies 
and dollars) and the numbers are different (100 and 1), each represents the 
same amount of money. Therefore, the two are equal. Let's use an example 
that is more aligned with science. We also know that 100 centimeters are 
equal to 1 meter. If we express this as an equation, we would write 


100 cm=1m 
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Since these represent the same distance, the values can be thought of as 
equivalent. Therefore, we can say that 


100 cm 


1m 


And, because each of these values is equal to the same thing, we can also say 
that 


lm 
100cm — 


Since these two values are interchangeable, we now have a conversion factor 


that can be used to convert between meters and centimeters. 
Sample: Convert 455 centimeters to meters. 


Answer: First, set up the conversion factor to eliminate the centimeters unit 
and change it to meters. When you set up a problem like this, always begin 
by writing down your given (or starting) information. The next step is to set 
up the conversion factor so that the units in the denominator will cancel the 
units of the given. This can be accomplished by 


455 cm x x , which allows you to cancel units and solve the 
following problem: 
dise D ео „у. 
100 ев+ 100 


Sometimes, students prefer to use a slightly different setup, which can be 
especially helpful for longer stoichiometric conversions. Some call this 
technique the “egg carton" approach because the problem is set up in a grid 
that has slots to fill in quantities, much like the slots that hold eggs in an egg 
carton. The same problem above, written in the “egg carton" format, would 
look like this: 


455 em 1m 


| =4.55 m 


100 em 


Not all problems lend themselves to such a linear method, but you can still 
use the most important elements of this technique if you include units of 
measure with every quantity and carefully check to be sure that the units are 
canceling appropriately. To see a more complex example, let's look at a gas 
law problem. 


K 

АШ 
CAUTION 
While you are 
completing the 
calculation, check 
to make sure that 
all units are 
canceling. If they 
do not cancel, it is 
a warning that you 
have probably 
made an error in 
the setup or the 
solution of the 
problem. 
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Sample: What is the pressure of 2.0 moles of nitrogen gas (N,) that occupies 
a volume of 1.5 L and is at 298 K? 


Answer: Using the ideal gas equation, we know that PV=nRT. We also 
know that when we solve for P, our answer should come out to be in units 
of atmospheres (atm). When we set up and solve the problem, all units 
should cancel to give us atm. 


PV = nRT, rearrange the equation to solve for P 


L atm 
(2.0 mol) 0.08212 (59g к) 
nRT mol K А А 
P= = ; canceling units, we see 
7 1.51, 
(2.0 mot)| 0.0821—=_ |(298 к) 
mol K 48.9316 + atm 


= 33 atm 
1.51 1.5 E 


LABORATORY COMPONENT 


The two sections that follow will provide you with a summary of the 
laboratory experiences and equipment the College Board recommends that 
you be familiar with. Further discussions of many of the labs will take place 
within the appropriate chapters. Emphasis will be placed on those labs that 
are most frequently referred to on the AP exam. Table 2.2 provides you with 
a list of the recommended equipment to help you remember the specific 
names for each piece. Words like “thingy” and *whatchamacallit" are not 
highly looked upon by the AP graders. 
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Table 2.1 


Laboratory Exercises that are Recommended by the College Board 


Lab 


Equipment Used 


Determination of the formula of 
a compound 


Determination of the percentage of 
water in a hydrate 


crucible and cover, tongs, analytical balance, support stand, triangle 
crucible support, burner 


crucible and cover, tongs, test tube, analytical balance, support stand, 
triangle crucible support, wire gauze, burner 


Determination of molar mass by 
vapor density 


barometer, beaker, Erlenmeyer flask, graduated cylinder, clamp, 
analytical balance, support stand 


Determination of molar mass by 
freezing-point depression 


test tube, thermometer, pipet, beaker, stirrer, stopwatch, ice 


Determination of the molar volume 
of a gas 


barometer, beaker, Erlenmeyer flask, test tubes, graduated cylinder, 
clamp, analytical balance, thermometer, rubber tubing 


Standardization of a solution using a 
primary standard 


pipet, buret, Erlenmeyer flasks, volumetric flask, wash bottle, 
analytical balance, drying oven, desiccator, support stand, pH meter 


Determination of concentration by 
acid-base titration, including a weak 
acid or weak base 


pipet, buret, Erlenmeyer flasks, wash bottle, analytical balance, 
drying oven, desiccator, support stand and clamp, pH meter 


Determination of concentration by 
oxidation-reduction titration 


pipet, buret, Erlenmeyer flasks, wash bottle, analytical balance, drying 
oven, desiccator, support stand and clamp, pH meter as millivoltmeter 


Determination of mass and mole 
relationship in a chemical reaction 


Determination of the equilibrium 
constant for a chemical reaction 


Determination of appropriate 
indicators for various acid-base 
titrations; pH determination 


beaker, Erlenmeyer flask, graduated cylinder, hot plate, desiccator, 
analytical balance 


pipet, test tubes and/or cuvettes, volumetric flask, analytical 
balance, spectrophotometer (Spec 20 or 21) 


pipet, Erlenmeyer flasks, graduated cylinder, volumetric flask, 
analytical balance, pH meter 


Determination of the rate of a 
reaction and its order 


pipet, buret, Erlenmeyer flasks, graduated cylinder or gas measuring 


tubes, stopwatch, thermometer, analytical balance, support stand and clamp 


Determination of enthalpy change 
associated with a reaction 


calorimeter (can be polystyrene cup), graduated cylinder, 
thermometer, analytical balance 


Separation and qualitative analysis 
of cations and anions 


test tubes, beaker, evaporating dish, funnel, watch glass, mortar and 
pestle, centrifuge, Pt or Ni test wire 


Synthesis of a coordination 
compound and its chemical analysis 


beaker, Erlenmeyer flask, evaporating dish, volumetric flask, pipet, 
analytical balance, test tubes/cuvettes, spectrophotometer 


Analytical gravimetric determination 


beakers, crucible and cover, funnel, desiccator, drying oven, Meker 
burner, analytical balance, support stand and crucible support triangle 


Colorimetric or spectrophotometric 
analysis 


pipet, buret, test tubes and/or cuvettes, spectrophotometer, buret 
support stand 


Separation by chromatography 


test tubes, pipet, beaker, capillary tubes or open tubes or burets, ion 
exchange resin or silica gel (or filter paper strips, with heat lamp or 
blow dryer) 


Preparation and properties of 
buffer solutions 


pipet, beaker, volumetric flask, pH meter 
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Table 2.1 Continued 


Lab 


Equipment Used 


series 


Determination of electrochemical 


test tubes and holder rack, beakers, graduated cylinder, forceps 


Measurements using electrochemical 
cells and electroplating 


test tubes, beaker, filter flasks, filter crucibles and adapters, 
electrodes, voltmeter, power supply (battery) 


Synthesis, purification, and analysis 
of an organic compound 


Erlenmeyer flask, water bath, thermometer, burner, filter flasks, 
evaporating dish (drying oven), analytical balance, burets, support 
stand, capillary tubes 


Table 2.2 List of Equipment the College Board Recommends You Know 


Analytical Balance 
Barometer 

Beaker 

Buret 

Burner 
Calorimeter 
Capillary Tubes 
Centrifuge 

Clamp 

Crucible 


Cuvettes 
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Desiccator 
Drying Oven 
Electrodes 
Erlenmeyer Flask 
Evaporating Dish 


Filter Crucibles and 
Adapters 


Filter Flask 
Forceps 
Funnel 


Gas Measuring Tubes 


Graduated Cylinder 
Hot Plate 

Ion Exchange Resin 
Meker Burner 

Mortar and Pestle 

pH Meter 

Pipet 

Power Supply/Battery 
Spectrophotometer 
Stirrer 


Support Stand 


Test Tube 
Thermometer 
Tongs 


Triangle Crucible 
Support 


Voltmeter 
Volumetric Flask 
Wash Bottle 
Watch Glass 
Water Bath 

Wire Gauze 


Wire Loops 
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Summary: Tools for the Test 


* Accuracy is about how close your measurements are to the actual, or 
true, value. Precision means that you are consistent in your measure- 
ments. 


* There are five basic rules for determining whether or not digits are 
significant. These rules are important to know to earn all possible points 
during the free-response section of the test. Significant figures do not 
appear in the multiple-choice portion. 


e Scientific notation provides a convenient way to write very large or very 
small numbers using powers of 10. You should be able to write, 
interpret, and perform calculations with numbers written using scien- 
tific notation. 

* Dimensional analysis is a useful technique for organizing information 
in computations. By using this technique of canceling units and unit 
conversion, you can decrease your chances of making careless errors 
and can improve your score. 

* Laboratory-based questions are becoming more common on the AP 
exam. You should review your old labs and look over the examples of 
the labs in this book. You should also know the names and uses for the 
equipment listed in this chapter. 


While these are some of the tools you will need to continue with the book, 
they are by no means a comprehensive list. The more techniques you can 
learn and problem-solving strategies you can use, the more likely you are to 
experience success on the exam problems. 
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Chapter 


Atomic Structure 


Justas the atom is the building block from which all materials are made, this 
chapter must be the building block upon which the rest of the book is made. 
The remaining chapters of this book are devoted to topics directly related to 
the behavior that can only be understood by first learning atomic structure. 
The information in this chapter will provide you with a solid foundation of 
knowledge upon which to build the remainder of your review. The AP exam 
hasafew multiple-choice questions on the topics covered in this chapter and 
will periodically have one essay question as well. You will have a much 
easier time on the other sections of this book and the AP test if you can 
develop a firm understanding of atomic structure and its impact. 


THE HISTORICAL DEVELOPMENT 
OF MODERN ATOMIC THEORY 


The earliest known descriptions of atoms date back to between 460 and 370 
B.C.E., when the Greek philosopher Democritus first proposed the idea that 
matter was composed of indivisible particles. He used the term atomos 
(indivisible) to describe these. Other philosophers, including Plato and 
Aristotle opposed Democritus's ideas, believing that matter was infinitely 
divisible—views that were widely held until the nineteenth century. 


Dalton's Solid Sphere Model of the Atom 


During the period between 1803 and 1807, John Dalton proposed a theory 
of the atomic nature of matter. Dalton's basic postulates stated that: 


1. All matter is composed of extremely small particles called atoms. 


2. Atoms of like elements are identical, while elements of different elements are 
different. 


3. Atoms are neither created nor destroyed in chemical reactions, nor do they 
change forms. 


4. Compounds are formed when atoms of different elements combine. Atoms will 
combine in certain fixed ratios with other atoms. 


61 
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ROAD MAP 


• The Historical 
Development of Modern 
Atomic Theory 

* Modern Atomic Theory 

• The Periodic Table 
of Elements 

• The Quantum Model 
of the Atom 


e Quantum Numbers 


* Electron 
Configurations 


e Periodic Trends 
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Thomson's Plum Pudding Model 
of Atomic Structure 


These ideas remained relatively unchallenged until late in the nineteenth 
century when work with electricity uncovered additional aspects of atomic 
structure. The first discovery was that the atom, rather than being indivisible, 
actually consisted of small subatomic particles. The study of cathode rays 
uncovered the first subatomic particle, the negatively charged electron. 
While studying cathode rays, scientists also observed a second type of ray, 
the canal ray, which led to the discovery of a positively charged particle 
(later shown to be a proton). J.J. Thomson, a leading researcher in this area, 
proposed the second major model of atomic structure, the “plum pudding” 
model of the atom (named for a popular English dessert). The atom, he 
proposed, consisted of a positively charged, spherical mass (the pudding) 
with negatively charged electrons (raisins) scattered throughout. 

Another of Thomson’s significant contributions was the determination of 
the charge-to-mass ratio of the electron. This bit of evidence aided physicist 
Robert Millikan, in 1909, to determine the mass of the electron in his famous 
oil-drop experiment. 

While Thomson and others were busy studying electrical phenomena, 
Henri Becquerel discovered a new phenomenon—radiation. (We will 
discuss radiation in more detail in Chapter 4.) The study of this new type of 
high-energy emission from materials was the principal focus of Ernest 
Rutherford. Rutherford’s initial work discovered two new types of particles 
associated with the high-energy emissions, the alpha (о) particle and the 
beta (B). These are now known to be a helium nucleus and an electron, 
respectively (more on this in Chapter 4). 


Rutherford's Discovery of the Nucleus 


In 1910, Rutherford performed his famous gold-foil experiment, the results 
of which ended the brief reign of Thomson's plum-pudding model. In the 
experiment, he devised an ingenious apparatus to confirm current ideas 
about atomic structure. His design involved shooting a beam of alpha 
particles at a very thin sheet of gold foil. His hypothesis suggested that the 
distribution of charge and mass throughout a plum pudding atom should 
allow the positively charged alpha particle to blastright through the foil with 
little or no consequence. To his amazement, there were a significant number 
of particles that did not pass directly through the foil, but instead were 
deflected at various angles—some even straight backward! He ultimately 
concluded that the atoms in the foil must contain an extremely dense, 
positively charged core, sufficient to deflect the positively charged alpha 
particles. Rutherford's model, the third major atomic model, consisted of a 
dense positively charged nucleus, surrounded by tiny, negatively charged 
electrons in a large amount of empty space. 
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Apparatus for Rutherford's Gold-Foil Experiment 


The three narrow 
arrows represent a 

few particles that 
were unexpectedly 
| scattered at large 
a-particle angles. 
source 


ae 


This bold arrow 
represents the majority 
of particles that passed 
straight through the foil. 


Eyepiece for 


Lead lined | counting 
box with slit flashes of light 
cut in 1t 


Zinc sulfide screen 
(lights up when hit 
by a-particles) 
Very thin gold foil. 
Rutherford used other Metal ring for moving 
metals in later trials. screen to count flashes of 

light at different angles 


Figure 3.1—Schematic diagram of the setup in Rutherford's gold-foil experiment 


Several years later, in 1919, Rutherford discovered the positively charged 
particle, the proton, that makes up the dense nucleus of an atom. It would be 
another thirteen years before James Chadwick discovered the neutrally 
charged neutron, the second component of the nucleus. 

At this point, scientists knew of two fundamental components of atoms 
(and hence matter): the electron and the proton. They knew that protons were 
located in a dense region in the center of the atom and that that they were 
positively charged. They also knew that protons had a mass nearly 2000 
times greater than that of an electron. In addition, they knew that the charge 
on an electron was equal in magnitude, but opposite in sign, to a proton 
(despite its much smaller size). The region outside the dense nucleus was 
mostly empty space; however, the electrons were believed to be scattered 
throughoutthe empty space. The exact positions and behavior ofthe electron 
were still uncertain. 


MODERN ATOMIC THEORY 
Planck's Quantized Energies 
and Einstein's Photoelectric Effect 


In order to better understand how our existing model of the atom evolved, 
we must step back to about 1900, when physicist Max Planck discovered an 
unusual property of atoms. While studying the spectra emitted from glowing 
objects, Planck concluded that energy could be emitted or absorbed from 
atoms only in fixed amounts, or quanta. He proposed that this amount of 
energy (Е) was directly proportional to the frequency (v) of the electromag- 
netic wave. Mathematically, this is expressed in the formula 


Е = hv, where h, known as Planck's constant, is 6.63 x 107^ Jes. 
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Planck's work provided Albert Einstein with valuable information that 
helped him propose the photoelectric effect in 1905. Einstein discovered 
that when light with certain frequencies struck a metal plate, it could emit 
electrons from the metal. He explained this by describing radiant energy 
(such as light) as a stream of tiny packets of energy. These tiny packets of 
energy behave like a tiny particle containing a fixed amount of energy. 
These “particles” of light became known as photons. This discovery created 
new problems for physicists whose existing models viewed light as a wave. 
Einstein’s work suggested that this “wave” also behaved like a particle. This 
dual nature of light has yet to be completely understood. 


Bohr's Planetary Model of Atomic Structure 


The next major modification to Rutherford's nuclear model of the atom 
came from Danish physicist Niels Bohr. Bohr was attempting to explain the 
emission spectrum of hydrogen gas. Atthis time, the spectral lines research, 
coupled with Rutherford's work, led scientists to believe that electrons may 
orbit the nucleus much like planets in the solar system orbit the sun. But 
physicists could not explain how the electrons stayed in an orbit. Moving 
charged particles emit electromagnetic radiation that would result in an 
overall energy loss from the electron. Therefore, the electron should spiral 
into the nucleus ofthe atom. So Bohr suggested that there are distinctenergy 
levels within an atom. Electrons will only be found in these allowed energy 
levels, and while in these regions they will not radiate. These levels 
correspond to specific distances from the nucleus. According to Bohr, 
electrons can jump to higher energy levels after absorbing specific amounts 
of energy. Likewise, electrons dropping from higher to lower energy levels 
will release certain amounts of energy in the form of photons. Electrons can 
only jump to an exact energy level (they may not stop "halfway" between). 
Additional data collected subsequent to Bohr's proposal did not support his 
model. Subsequently, much of the Bohr model has been discarded. 

Shortly after Bohr's proposal, Louis de Broglie made an important 
proposal. He said that if waves have matter-like properties, then matter 
should have wavelike properties. It is not necessary for you to know the de 
Broglie equation, but you should understand that it predicted that matter of 
normal mass would create infinitesimally small waves. Itis only matter with 
an extremely small mass, like an electron, and traveling at high speed that 
will emit appreciable wavelengths. 


The Quantum Model of the Atom 
The Heisenberg Uncertainty Principle 


Using de Broglie's idea that matter has wave-like properties, Werner 
Heisenberg made an important proposal that bridged the gap between 
Bohr's model and the current quantum model. In Bohr's model, the electron 
was a particle in a fixed orbit around the nucleus. Heisenberg extended de 
Broglie's ideas to the electron, stating that only limited information about 
the electron's location and momentum could be gained. His assertion, 
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Table 3.1 Summary of the major contributors to the modern atomic theory 

Name Major Contribution(s) Summary 

John Dalton Dalton's atomic theory First quantitative evidence for discrete 
particles (atoms) 

J. J. Thomson Plum Pudding Model Charge-to-mass | Work with cathode rays discovered the 

ratio of electron positive and negative nature of the atom; 
also determined the charge-to-mass ratio 
for electrons 

Max Planck Quantized energy Energy is released from atoms in discrete 
packets, or quanta. 

Albert Einstein Photoelectric effect Duality of light; established relationships 
between energy and frequencies of light waves 

Robert Millikan Mass of an electron His famous oil-drop experiment established 
the charge on an electron. 

Ernest Rutherford о, В, and y emissions Determined the nature of radioactive particles. 

Gold Foil experiment His gold-foil experiment established the 
Nuclear model of the atom presence of a positively charged nucleus and 
that the atom is mostly empty space. 

Neils Bohr Planetary model of electrons Developed the idea of distinct energy levels 
where electrons could be found—similar to 
planets in the solar system 

Werner Heisenberg} Heisenberg Uncertainty Principle It is not possible to simultaneously know 
information about the location and momentum 
of an electron. 

Erwin Schrödinger | Schrödinger equation Established the field of wave mechanics 
that was the basis for the development of the 
quantum model of the atom 
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known as the Heisenberg uncertainty principle, states that it is not possible 
to know, simultaneously, information about the momentum and location of 
an electron. Therefore, it is impossible to conclude that electrons are found 
in well-defined circular orbits. 


The Schrödinger Equation 

At this point, the proposed model of atomic structure began to move in a 
different direction. Since it is not possible to pinpoint the exact location of 
an electron, the task turned to determining its probable location. In 1926, 
Erwin Schrédinger proposed an equation that now forms the basis for 
modern atomic theory. While the equation is too complex to study in detail, 
the suggestions made by it can be studied. The underlying premise is that we 
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can use mathematical probability to determine the likelihood of finding 
electrons in a particular region. From this, we can begin to create a 
“map” of an atom based on these probabilities. This will be discussed in later 
in the chapter. 

Since this time, a number of discoveries have been made regarding 
additional subatomic particles; however these are related to the domain of 
nuclear physics. The basic components of the atom that relate to its chemical 
behavior are the proton, neutron, and electron. It is to these that we now turn 
our attention. 


THE PERIODIC TABLE OF THE ELEMENTS 


In 1869, Dmitri Mendeleev was one of the first scientists to create a coherent 
arrangement of the elements. He did so by arranging elements in order of 
increasing atomic mass. He also created rows of elements that were arranged 
so that the vertical columns represented elements that shared similar 
characteristics. Much later, in 1913, Henry Mosely revised Mendeleev’s 
chart so that elements were arranged by increasing atomic number rather 
than increasing atomic mass. This is the periodic table that you are familiar 
with today. Let’s review the components and vocabulary associated with the 
modern Periodic Table of the Elements. 


Subatomic Particles 


While there are numerous subatomic particles, we will only look at those 
most relevant to chemistry: the proton, neutron, and electron. 

Proton—a positively charged particle located in the atom’s nucleus. The 
electrical charge has a magnitude of +1.6 x 107? coulombs (C); however, for 
simplicity, it is often referred to by its relative charge of +1.0 (charge relative 
to an electron). The mass of a proton is about 1.67 x 107^ g. The gram is not 
a practical unit to describe the mass of subatomic particles, so instead we use 
the atomic mass unit, or amu. Ап amu is defined as 1/12 the mass of a carbon 
atom containing 6 protons and 6 neutrons. The mass ofa proton is 1.0073 amu. 

Neutron—a neutral particle located in the atom's nucleus. The mass of a 
neutron is 1.0087 amu, which is, for all practical purposes, the same as a 
proton. 

Electron—a negatively charged particle* located outside of the atom’s 
nucleus (we will look at this more closely later in this chapter). The electrical 
charge of an electron is 1.6 x 107? С, or a relative charge of —1.0 (charge 
relative to the proton). The mass of an electron is 5.486 x 10^ amu, about 
1836 times less than a proton. 


*The electron is actually believed to have wave-like and particle-like properties, 
but, for convenience, we will refer to it as a particle. 
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Atomic Number is the term used to describe the number of protons in the 
nucleus of an atom. In a neutral atom, this will also describe the number of 
electrons. 

Mass Number represents the total number of protons and neutrons in the 
atom. 

Elements are described as atoms possessing the same number of protons. 
However, not all atoms of an element possess the same number of neutrons. 
These different varieties of an element that contain the same number of 
protons but different numbers of neutrons are known as isotopes. Isotopes 
will possess the same chemical properties, since they are determined by the 
number of electrons and protons, but they will have a different mass. In 
Chapter 4, we will look at how the number of neutrons affects the stability 
of the nucleus. All atoms of a specific isotope are known as nuclides. 
Isotopes are represented using a variety of symbols. Three of these are 
shown below: 


Table 3.2 

Style Sample Interpretation 

Element name Neon-20 Element name is followed by the mass 
number of the isotope 

Element symbol 2INe Element symbol with the mass number 
superscript and to the left. 

Element symbol 2 Ме Element symbol with the mass number 


superscript and to the left, and the atomic 
number subscript and to the left. 


The atomic mass is a number that is used to describe the average mass of 
an element. It represents the weighted average of the mass of all isotopes of 
an element. Calculating the atomic mass requires knowledge of the mass 
numbers of each isotope for an element as well as each isotope’s relative 
abundance. This latter quantity is determined experimentally with the help 
of a special piece of equipment known as a mass spectrometer. This is not 
a required calculation on the AP exam, but, for clarity, a sample calculation 
is shown below. 

Sample: Neon has three isotopes, Neon-20, Neon-21, and Neon-22. The 
masses of each isotope and the relative abundances are shown in the table 
below: 


Isotope Mass (amu) Relative abundance (9^) 
Neon-20 19.992 90.51 
Neon-21 20.994 0.27 
Neon-22 21.991 9.22 


Answer: What this tells you is that if you scooped up a 100 g sample of 
Neon, 90.51 g of it would be Neon-20, 0.27 g would be Neon-21, and 9.22 g 
would be Neon-22. 
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Using a simple mean to calculate the atomic mass will not work since the 
isotopes are not present in equal amounts. Therefore, we must take into 
account the percentage of the total sample accounted for by each isotope. To 
complete the calculation, simply multiply the mass of the isotope by the 
relative abundance (expressed as a decimal) and add the total values: 


Isotope 


Neon-20 
Neon-21 
Neon-22 
Total 


Calculation 


19.992 x 0.9051 
20.994 x 0.0027 
21.991 x 0.0922 


Relative Mass (amu) 


18.0947592 
0.0566838 
2.0275702 

20.179 


The modern periodic table of the elements can be written to display different 
amounts of information about the elements. The one you will be seeing in 
the book is designed to look like the one you will be able to use on the AP 
exam. This is the most basic periodic table, containing only the atomic 
number, the symbol, and the atomic weight of each element. 

In each box of the periodic table, you will find the following information: 


11 


Na 


Atomic number 


Symbol 


22.99 Atomic weight 
1A 8A 
1 18 
1 2 
H | 2A ЗА 4A 5A бА 7A | He 
1.0079] 2 13 14 15 16 17 |40026 
3 4 5 6 7 8 9 10 
Li | Be B C N (0) F Ne 
6.941 | 9.012 10.811|12.011|14.007| 16.00 | 19.00 [20.179 
11 12 13 14 | 15 16 17 18 
Na | Mg | 3B 4B 5B 6В 7B 8B IB 2B | Al Si P S cl | Ar 
22.99 2430| 3 4 5 6 7 8 9 10 11 12 |26.98 | 28.09 |30.974| 32.06 |35.453|39.948 
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
K | Ca | Sc | Ti У Сг | Мп | Fe | Co | № | Cu | Zn | Ga | Ge | As | Se | Br | Kr 
39.10 | 40.08 | 44.96 | 47.90 | 50.94 | 52.00 |54.938| 55.85 | 58.93 | 58.69 | 63.55 | 65.39 | 69.72 | 72.59 | 74.92 | 78.96 | 79.90 | 83.80 
37 38 39 40 Al 42 43 44 45 46 47 48 49 50 51 52 53 54 
Rb | Sr Y Zr | Nb | Мо | Te | Ru | Rh Pd | Ag | Cd | In | Sn | Sb | Te I Xe 
85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.1 |102.91}106.42] 107.87] 112.41] 114.82]118.71]121.75|127.60]126.91}131.29 
55 56 3d 72 73 74 75 76 TI 78 79 80 81 82 83 84 85 86 
Cs | Ba | La | Hf | Ta | W | Re | Os | Ir | Pt | Au | Hg | TI | Pb | Bi | Po | At | Rn 
132.91]137.33}138.919178.49] 180.95] 183.85] 186.21] 190.2 | 192.2 |195.08/196.97|200.59|204.38| 207.2 |208.98| (209) | (210) | 222) 
87 88 89 104 105 106 | 107 108 109 | 110 111 112 
Fr | Ra | Ac | Орд | Опр | Unh | Uns | Uno | Une | Uun | Uuu | Uub 
(223) |226.021227.03| (261) | (262) | (263) | (264) | (265) | (266) | (269) | (272) | (277) 
58 59 60 61 62 63 64 65 66 67 68 69 70 71 
Lanthanide series | Се | Pr | Nd | Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu 
140.12|140.91|144.24| (145) | 150.4 |151.97|157.25|158.93|162.50|164.93|167.26|168.93|173.04|174.97 
90 91 92 93 94 95 96 97 98 99 100 101 102 103 
Actinide series| Th | Pa U | Np | Pu | Am | Cm | ВЕ | Cf | Es | Fn | Md | No | Lr 
232.04|231.04|238.03|237.05| (244) | (243) | (247) | (247) | (251) | (252) | 257) | (258) | (259) | (260) 
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Figure 3.2—The Layout of the Periodic Table of the Elements 
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Different Sections of the Periodic Table 


Now that you are familiar with the different parts of the table, let's begin 
looking at more specific information that can be gained by the table. A 
Period is defined as a horizontal row on the table. A Group or Family is 
defined as a vertical column on the table. Elements in the same group are 
chemically similar—that is, they behave the same in chemical reactions. In 
Figure 3.2, you will see some numbers written at the top of each column on 
the chart. The top set of numbers (with the A and B designations) is most 
commonly used in North America; however, the International Union of Pure 
and Applied Chemistry (IUPAC) developed a different numbering system 
using 1 through 18 (with bottom set of numbers). The elements in Groups 
1A through 8A are known as the representative elements, while the 
elements in groups 1B through 8B represent the transition elements. 
Elements 1 through 92 are naturally occurring elements. 

Most ofthe elements on the chart are metals. In Figure 3.3, all non-shaded 
elements are metals. The shaded elements are nonmetals. The elements that 
are on either side of the dark line separating the metals from the nonmetals 
have characteristics of both metals and nonmetals and are known as 
semimetals, or metalloids. 


1A 8A 
1 18 
1 2 
H | 2A ЗА 4A 5A бА 7A | He 
10079| 2 13 14 15 16 17 (40026 


Na | Mg | 3B 4B 5B 6B 7B 8B IB 2B 
22.99|24.30| 3 4 5 6 7 8 9 10 11 12 
19 20 21 22 23 24 25 26 27 28 29 30 
К | Са | Se | Ti V Cr | Mn | Fe | Co | Ni | Cu | Zn 
39.10 | 40.08 | 44.96 | 47.90 | 50.94 | 52.00 154.938| 55.85 | 58.93 | 58.69 | 63.55 | 65.39 
37 38 39 40 41 42 43 44 45 46 47 48 
Rb | Sr Y Zr | Nb | Mo | Te | Ru | Rh | Pd | Ag | Cd 
85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.1 }102.91]106.42] 107.87} 112.41 131.29 
55 56 57 72 73 74 75 76 TI 78 79 80 81 82 86 
Cs | Ba | La | Hf | Ta | W | Re | Os | Ir | Pt | Au | Hg | TI | Pb Rn 
132.91[137.33 |138.91178.49 [180.95 |183.85|186.21| 190.2 | 192.2 |195.08|196.97|200.591204.38| 207.2 (222) 
87 88 89 104 105 106 107 108 109 
Fr | Ra | Ac |Unq | Опр | Unh | Uns | Uno | Une 
(223) |226.02|227.03] (261) | (262) | (263) | (264) | (265) | (266) 
58 59 60 61 62 63 64 65 66 67 68 69 70 71 
Lanthanide ѕегіеѕ | Ce | Pr | Nd | Pm | Sm | Eu | Gd | Tb | Dy | Н | Er | Tm | Yb | Lu 
140.12|140.91[144.24 (145) | 150.4 |151.97]157.25]158.93} 162.50] 164.93] 167.26] 168.93]173.04]174.97 
90 91 92 93 94 95 96 97 98 99 100 101 102 103 
Actinide series| Th | Ра | U | Np | Pu | Am | Cm | ВЕ | Cf | Es | Fm | Md | No | Lr 
232.04|231.04|238.03|237.05| (244) | (243) | (247) | (247) | (251) | (252) | (257) | (258) | 259) | (260) 


Figure 3.3—Classification of Materials on the Periodic Table 
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Alkali earth metals 


Alkaline earth metals 


8A 
18 
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Transition metals 
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Lanthanide series | | | | 


Actinide series | | | | 


Figure 3.4—Special Groups of Elements on the Periodic Table 


Looking at figure 3.4, you will note that some of the groups on the chart 
have specific names. Group IA elements are known as the alkali earth 
metals. These materials are all soft, highly reactive metals that react readily 
with oxygen and water. Group 2A elements are known as the alkaline earth 
metals. These metals are harder and more dense and have higher melting 
temperatures. They are also less reactive than the alkali metals. Group 7A, 
the halogens, are highly reactive nonmetals. These tend to form salts with 
reactive metals (the name halogen is formed from Greek words meaning 
"salt formers"). Fluorine, chlorine, bromine, and iodine are diatomic ele- 
ments. Group 8A, the noble gases, are nonreactive gases with a very stable 
electron structure (more in the next section). The Lanthanides and Actinides 
are not really separate “groups” of elements at all. They fit into the periodic 
table at the place in the sixth and seventh period represented with the dark 
line. They are left out of the table simply because placing them in creates a 
very wide table. Most of the Lanthanides were not known until recently, 
since they tend to occur together in nature and are very difficult to separate 
into individual elements. The Actinides are quite radioactive, and for that 
reason most are not generally found in nature. 

The periodic table of the elements is an extremely important tool for 
both chemists and students of chemistry. Much ofthe work you do in this 
book and on the AP exam will need to begin with some information 
found on this chart. In the next two sections of this chapter, you will look 
athow the electron structures of atoms can be determined indirectly from 
the periodic table. 
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THE QUANTUM MODEL OF THE ATOM 


If you recall from the beginning of this chapter, some of the work that led 
to the development of the modern atomic theory was done by scientists Max 
Planck, Albert Einstein, Louis de Broglie, Werner Heisenberg, Niels Bohr, 
and Erwin Shródinger. The first work centered around light (electromag- 
netic radiation), while the later work focused on the wavelike nature of 
matter. The AP exam does not probe too deeply into the theoretical 
considerations of any of these scientists, but some calculations have popped 
up on previous exams. Therefore, let's turn our attention to some of the 
equations associated with these scientists" work. 


Relationships between Wavelength, Frequency, 
and Energy 


Lightisaform of electromagnetic radiation. Other forms of electromagnetic 
radiation include radio waves, microwaves, infrared rays, ultraviolet rays, 
X-rays, and gamma rays. All of these forms of radiation travel at the speed 
of light, but the individual properties of each type of radiation differ. Some 
of these properties аге the wavelengths (A), or distance between each wave; 
the frequency (v), or the frequency of waves that pass by a certain point in 
a particular time interval; and energy (E). 


І l 
- Wavelength, A EN 
| 
T 
| 
| 
І 


Figure 3.5—Рерісііоп of a wavelength 


The most basic calculation involving electromagnetic radiation describes 
the relationship between the frequency and wavelengths of each wave. All 
electromagnetic radiation travels at the speed of light (c), which is 3.00 x 105 
m 571. If you think of frequency as the number of waves that pass by a point 
during any given time interval, you should be able to see that if the waves 
are farther apart (i.e., have a longer wavelength), fewer waves will pass by 
during that time interval. Conversely, if the waves are very close together 
(have a smaller wavelength), more waves will pass by a point ina given time 
interval. Therefore, frequency and wavelength are inversely related to one 
another. Mathematically speaking, this can be shown in the equation: 


с= № 


This is опе ofthe equations you were provided with on ће AP formula sheet. 
The units for c are m s'!. Wavelengths are usually expressed in nanometers 


(Equation 3.1) 
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(Equation 3.2) 
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(nm) or angstroms (À). The AP exam has used nanometers in the past. 
Frequencies are expressed in reciprocal seconds (s'!). Problems typically 
provide one of the variables and ask for the other. 

Sample: Calculate the frequency, in st, of light with a wavelength of 540 nm. 
Answer: First, the equation must be rearranged to solve for v. 


У= = 

A 
You also need to remember that the distance units for c are in meters, 
whereas / is given in nm. Since those won't cancel directly, a conversion is 
necessary. Substituting into the equation, you get 


3.00x 10577771 
Ne cl Laude 
540nmx m 
lym 


=5.6x 104s"! 


You Try It! 
What is the frequency, in s”, for light with a wavelength of 650 nm? 


Answer: 4.6 x 10!4 


Planck and the Quantum 

Planck’s work showed that energy is emitted from atoms in discrete 
amounts, or quanta. We also know that energy is absorbed in these same 
amounts. The difference between absorbance and emittance is that when 
energy is added to an atom (i.e., absorbed by the atom) electrons are forced 
to higher energy levels. When these electrons fall back down to lower energy 
levels, energy is emitted in the form of photons. Planck found that these 
energies could be summarized in the following equation: 


Е = һу 


Where h is known as Planck's constant and has а value of 6.63 x 10% J s. 
This equation is also one of the equations provided on the AP exam. Energy 
is always emitted or absorbed in multiples of hn, which suggests that 
electrons move about between energy levels in an all-or-none fashion. That 
is, they either have enough energy to travel to a higher energy level or not. 
They do not travel halfway between intervals. This phenomenon is similar 
to the rungs on a ladder. You can only go up or down a ladder on the rungs. 
You cannot stop halfway between the rungs! 


Sample: Calculate the amount of energy associated with a photon of light 
with a frequency of 6.23 x 104s". 


Answer: The equation is already set up to solve for E, so you just need to 
substitute the numbers. Planck's constant has a unit of J s, which will cancel 
the reciprocal seconds in the frequency, giving us units of Joules in our 
answer. 


E = hn = (6.63 х 10?* J 5)(6.23 x 10" s1) = 4.13 x 10? J 
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You Try It! Calculate the amount of energy, in J, of a photon of light with 
a frequency of 4.6 x 10' s. 


Answer: 3.0 x10? J 


The Relationship between Energy 
and the Principal Quantum Number 


Bohr was able to show that there is a clear relationship between the energy 
absorbed by (or released from) atoms. To do this he used the equation 
(provided for you on the AP exam) 


En- -ru( 
n 


where R y, known as the Rydberg constant, has a value of 2.18 x10:!5 J. The 
variable n represents the principal quantum number (discussed later in the 
chapter). If you look at this equation, you can see that as n approaches ee, 
E approaches 0. 


The Rydberg Equation 

Because the amount of energy released (or absorbed) always is an interval 
of hv, itis possible to probe further into the energies emitted or absorbed by 
atoms as electrons move between different energy levels. The equation that 
allows us to determine this energy is known as the Rydberg equation, which 


can be written as 
1 1 
AE = RH| 5 7 5 
n; nj 


where № is ће Rydberg Constant, 2.18 x 10-18 J, n represents the principal 
quantum number, and the subscripts i and f, represent the initial and final 
states. When the n;is greater than n, that means that the electron is moving 
from a higher to a lower energy level and energy is being emitted. If you 
calculate AE under these conditions, you will see that the value you obtain 
is negative, which indicates energy is being lost. Conversely when n; « ns 
the value of AE will be positive, indicating energy being absorbed. A very 
important note here: The Rydberg equation is not provided for you on the AP 
exam, but it is occasionally needed. On the 1999 exam, one of the free- 
response questions required the use of the equation. The Rydberg equation 
was derived from Bohr's equation, and it is possible to use Bohr's equation 
entirely. The way you do this, should you have to, is 


AE = Ef Еі (the change in energy from initial to final state) 


(Equation 3.3) 


(Equation 3.4) 
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(Equation 3.5) 
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If you know the energy levels that are associated with the initial and final 
states, you simply substitute for the E,and E; values: 


Ef- E and Ei = LR 
п? n; 


f 
Each equation can be solved separately. So if you haven’t memorized the 


Rydberg equation, you can always use this one. 


Sample: How much energy is released from a hydrogen atom when an 
electron moves from n; = 4 to п,= 2? 


Answer: Let's use the Rydberg equation first. We know the values of n, and 
n,, SO we just need to plug and chug. 


1 1 1] 1] 
arem] =2.18x 10" Ј = [2-4] – 4.10 x 10-19 J 


i 


Because this equation is not given to you on the exam, let's take a look at the 
same problem using the equation that is provided. 


AE-E,-E,-E,-E, 


1 

E,--RH 2 = 2.18 x 107!8 (x) = —5.45 x 10" J 
n, 2 
1 1 

E, =-RH | = 2.18 x 1075 (s) =-1.36x 10" J 
n, 4 


AE = E, - E,=-5.45 x 10” J — (-1.36 x 10? J) = — 4.09 x 10-19 J 
(Which, considering rounding, is the same as the previous answer.) 


The final equation that we will consider is de Broglie’s wave equation. This 
is the equation that describes the wavelike properties of matter. An ex- 
tremely important consideration of this equation is that large moving objects 
produce wavelengths that are so small that they are negligible. However, 
small objects, like electrons, can produce significant wavelengths. The 
equation, which is given to you on the AP exam, is as follows: 


ne 

mv 
where h is Planck’s constant, m is the mass of the object, and v is the 
velocity (note this is a v written in italics, not the Greek symbol nu (v) that 
is used to describe frequency). To illustrate the assertion about large and 
small objects, let's complete a sample problem that compares the wave- 


lengths of each. 
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Sample: Compare the wavelengths between a 5 oz baseball (0.14 kg) 
moving at 100 miles per hour (about 45 m s^). 


Answer: Using the de Broglie equation, we can substitute our given 
information to find the wavelength of the baseball: 


_h _ 663х107 
mv 0.14kgx45ms 


т = 1.1х 10% т 


far too small be detected by anything! 


(NOTE: Joule is a derived unit that originates from a Newton meter, which 
equals 1 kg m?/s?) 

Now, compare that wavelength to an electron traveling at the same speed. 
The mass of an electron is about 9.11 x10?! kg. 


h 6.63 x 10®* Js 


A= = Bi = 
ту 9.11х10* kg x 45m s* 


7 = 1.6x 10? m, 


which is in the infrared region of the electromagnetic spectrum. 


You Try It! 
Calculate the wavelength of an electron (mass 9.11 x 10?! kg) traveling at 
a speed of 3.65 x 10° m s^. 


Answer: 1.99 x 10? m = 1.99 x 10! nm 


Although these calculations can be used to further investigate the work of 
Niels Bohr, these quantitative aspects of Bohr’ s work aren'ttested on the AP 
exam. Therefore, let's skip ahead to the development of the quantum model 
of the atom, parts of which are tested on the exam. 


QUANTUM NUMBERS 


In order to begin to understand the behavior of atoms, we must first look at 
some of the details of the quantum mechanical model of the atom. 
Schródinger's equation predicts the presence of certain regions in the atom 
where electrons are likely to be found. These regions, known as orbitals, are 
located at various distances from the nucleus, are oriented in certain 
directions, and have certain characteristic shapes. Let's look at some of the 
basic components of the atom as predicted by the equation, and at the same 
time we will review quantum numbers. 

If you have four pieces of information about a house, you can find it just 
about anywhere in the United States. These four pieces are the Street 
Number, the Street Name, the City, and the State. So itis with atoms. There 
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are four pieces of information from which you can identify a specific 
electron within any atom. These are known as quantum numbers, a list of 
which is shown below: 

Principal quantum number (n)—This number describes the energy level 
in which the electron can be found. In our house analogy, this is equivalent 
to the State, which is the most general information about where the house is 
located. These correspond to regions that are found at specific distances 
from the nucleus of the atom. The principal quantum number, n, has a whole 
number, positive value, from 1 to 7 (n = 1, 2, 3...7). Lower values of n 
correspond to orbitals close to the nucleus and lower energy levels. 

Azimuthal quantum number (I)—This number describes the shape of the 
orbital. The azimuthal quantum number can have values, from 0 to n-1, and 
these values correspond to certain orbital shapes. While the value can 
theoretically have a value as high as 6, we will see later that no values higher 
than 3 are found. The values that do exist, 0, 1, 2, and 3, correspond to 
particular shapes and are commonly designated as s, p, d, and f orbitals, 
respectively. In our house analogy, this quantum number would correspond 
roughly to the city. That is, it is a bit more specific than the State, but it still 
doesn't tell us exactly where the house is. 

Magnetic quantum number (m or m,)—This number describes the 
orientation of the orbital in space. The value of m is a range from -1 to +1, 
including 0. In the house analogy, this quantum number is similar to the 
street name of the house. You can tell about where the house is from this 
information, but not exactly. In much the same way, you can determine 
which orbital an electron should be in from the magnetic quantum number, 
but you can't identify the specific electron. 

Spin quantum number (s, or m,)—This number describes the apparent 
spin of the electron. The term “apparent spin" is used since the atom behaves 
magnetically as though it were a spinning object, but the wavelike nature of 
the electron makes such spinning difficult to comprehend. Only two values 
for s are possible: + + and —+ (corresponding to clockwise or counterclock- 
wise spins). Finishing the house analogy, we can see that in an atom, no two 
electrons can have the same four quantum numbers. In much the same way, 
no two houses can occupy the exact same address at once. 

The chart on the next page shows the possible quantum numbers for 
energy levels 1 through 4. We will use this as the basis for our consideration 
of other components of the model. 

Before describing the patterns that occur in this arrangement, let's review 
a few terms. 

Within an atom, electrons are arranged in specific regions of space based 
on the amount of energy they possess. These regions are known as energy 
levels, (or, in some places, shells). Each energy level is composed of one or 
more sublevel. A sublevel, (sometimes known as asubshell) is one or more 
orbitals of a particular shape. Orbitals are regions of space where there is 
approximately a 90 percent probability of locating an electron (based on the 
Schródinger equation). 
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Table 3.3 Quantum states for the first four periods on the periodic 
table of the elements 
n l m S 
1 0 0 ii 
2 0 0 zi 
1 -1,0,1 3х+1 
3 0 0 +1 
1 -1,0, 1 3х+1 
2 3 «dd, 1,2 5x21 
4 0 0 Ei 
1 «1. 0. 1 3х+! 
2 -2,-1,0,1,2 Бу 
3 33,22, «1, 0, 1,2,3 Тос 


We сап see the relationship between these terms and quantum numbers by 
looking carefully at the table above. First, each unique value of n represents 
anenergy level. Each | value represents a specific sublevel within an energy 
level. Recall from the previous section that these sublevels are typically 
referredto using their common names 5, p, d, and f. Each unique combination 
of n and / values corresponds to a different sublevel. For example, for n = 3, 
and / = 2, this corresponds to the 3d sublevel of the atom. The m values tell 
us how many orbitals are found in a given sublevel. For instance, in the 3d 
sublevel there are 5 orbitals possible (for 3d, m = —2, –1, 0, 1, 2). The spin 
quantum number tells us that there can be no more than 2 electrons in any 
orbital, which you will learn more about later in this chapter. Let's summa- 
rize what we know in a new chart. 


77 
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Table 3.4 Quantum numbers and orbital configurations for the first 4 periods of the 
periodic table of the elements. 
Number electrons | electrons in 
n l Sublevel m of orbitals s in sublevel | energy level 
1 0 15 0 1 +l 2 2 
2 0 25 0 1 ti 2 8 
1 2p -1,0,1 3 axa 6 
3 0 3s 0 1 +1 2 
1 3p -1,0,1 3 3xt; 6 18 
2 3d -2,-1,0, 1,2 5 5xt; 10 
4 0 4s 0 1 ki 2 
1 4p -1,0,1 3 3x41 6 
2 4d —2,-1,0, 1,2 5 5xt; 10 32 
3 4f -3,-2, -1,0, 1, 2,3 7 7xt; 14 
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In the table above, notice some patterns that are now apparent: 


* The number of sublevels in the examples above is equal to the principal 
quantum number (this is only apparent for the first four energy levels). 


* The number of orbitals in an energy level is equal to n?. 


* Since there are two electrons per orbital, the number of electrons 
possible in any energy level is 202. 


Sample: Which element(s) has an outermost electron that could be de- 
scribed by the following quantum numbers (3, 1, –1, +4)? 


Answer: Begin with the 3. This represents the 3 energy level, so the 
elements are surely in row 3. Now, look at the azimuthal quantum number, 
l, which is 1. This represents the 3p sublevel. So you know the electron is 
somewhere in the 3p sublevel. For our purposes, the other two numbers 
(-1, and + 5 ) don't tell us anything more. So the most we can say is that the 
element is somewhere between atomic numbers 13 and 18. 


You Try It! 
Which element(s) has an outermost electron that could be described by the 
following quantum numbers, (4, 0, 0, ++)? 


Answer: K or Ca 


At this point we are ready to examine the shapes of the orbitals. Later you 
will learn more about the arrangement of electrons within atoms, but before 
you do that, let's look at the basic orbital configurations within an atom. The 
azimuthal quantum number determines the shape of the orbitals. Looking at 
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Table 3.3, you will note that the sublevels are labeled s, p, d, and f. While 
each of these sublevels can be found in more than one energy level, the basic 
shapes for each type are the same. In higher energy levels (higher п values), 
the shapes would just be larger. Figures 3.6—3.8 show the basic shapes for 
5, p, and d orbitals. Note that within a sublevel, what makes one orbital 
different from another is its orientation, determined by the magnetic 
quantum number (mj) 


/ 
© 


ls 2s 
Figure 3.6 
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Figure 3.7 


Figure 3.8 


ELECTRON CONFIGURATIONS 


At this point, you now have some background about the locations where 
electrons can be found in an atom, so let's move on to the task of describing 
the regions where they can be found in almost any atom. The specific 
arrangement of electrons within an atom is known as the electron configu- 
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ration of an atom. There are three main rules that are used to guide the 
process of determining an atom’s electron configuration. 

First is the Aufbau (“buildup”) principle, which states that electrons will 
fill orbitals of lowest energy first. Unfortunately, this order is not a linear 
sequence from 1 to 7. In our initial discussion of the Aufbau principle, we 
will look at a graphical representation of the energy levels within an atom. 
After that, we'll look at a simplified chart that is easy to remember. 

Second is the Pauli exclusion principle (named after Wolfgang Pauli), 
which states that no more than two electrons can occupy a single orbital. 
Electrons are negatively charged particles. If you recall, like charges repel 
one another. The electron-electron repulsion becomes too great when more 
than two electrons occupy a single orbital. The only way that two electrons 
can overcome this electrostatic repulsion is by a slight magnetic attraction. 
This is the reason why electrons in the same orbital will have opposite spins. 

Closely related to the Pauli exclusion principle is the third rule, Hund’s 
rule, which states that when electrons occupy orbitals of equal energy (e.g., 
the five 3d orbitals), one electron enters each orbital until all the orbitals 
contain one electron. In this configuration, all electrons will have parallel 
spin (same direction). Second electrons then add to each orbital so that their 
spins are opposite to the first electrons in the orbital. Atoms with all outer 
orbitals half-filled are very stable. 


Diamagnetism and Paramagnetism 


Paramagnetism is a term used to describe an attraction to magnets. Para- 
magnetic elements are attracted to magnets. Diagmagnetism means re- 
pelled by magnets. Diamagnetic elements are weakly repelled by magnets. 
What distinguishes the two are the spins of the electrons in the orbitals. 
Paramagnetism occurs in elements with one or more unpaired electrons, 
which means that there is at least one orbital that contains a single electron. 
Most elements are paramagnetic. Diamagnetism occurs in elements where 
all electrons are paired. There are fewer atoms with this configuration (e.g., 
group IIA elements, or noble gases). 

Using these three rules, let's look at a few examples of stable electron 
configurations for the first three periods of elements. 


Table 3.5 Electron Configurations for Elements 1 to 20. 


2nd Period 3rd Period 4th Period 

Li = 15225! Na = 1522522р635! К = 1522522p635?3p64s! 

Ве = 152252 Mg = 15225226352 Ca = 1522522р63523ре452 

B = 1522572р! Al = 1522522р63523р! Sc = 1572s?2p°3s73p%4s?3d! 
С = 1522522р° Si = 15°25°2р®35?3р° Ti = 15225?°2р®35°3р®45°34°. 
N = 1522522р? P = 1522522р63523р? Etc. 

О = 1522522рї $2122:2p9323p 

F = 1522522p? СІ = 1522522р63523р? 

Ne = 1522522ре Ar = 1522522р%3523р® 
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1st Period 


Н = 15! where the first 1 is equal to the energy level (or quantum number), 
the s is equal to the sublevel and the second 1 is equal to the number of 
electrons in the sublevel. 

He = 1s? 


Orbital Diagrams 


You may have noticed that in the section on quantum numbers, each 
sublevel (e.g., 2p) is composed of a certain number of orbitals. Orbitals can 
only hold up to two electrons, so the 2p sublevel is actually composed of 3 
orbitals. However, if you look at the electron configurations of the 2p, for 
example, all of the 2p orbitals are summarized in one number—the total 
number of electrons in all 2p orbitals. Therefore, in nitrogen you have 2р?, 
but there is no description about where those electrons are within the 2p 
sublevel. Orbital diagrams provide us with a useful way to map the orbitals 
within individual orbitals. In these diagrams, boxes, or sometimes circles, 
are used to represent individual orbitals. Arrows are used to represent 
electrons, and the heads of the arrows indicate the spin. In Figure 3.9, note 
the orbital diagrams for the electrons in elements 1—10. 

A shorthand notation is sometimes used to shorten the length of the 
configurations. In this notation, the symbol for the noble gas appears at the 
end of the period just before the element you are looking for, and then the 
remainder of the configuration will continue as above. For example, a 
shorter way to write the configuration for sulfur, element 16, would be: 
[Ne]3s?3p^. Note—the noble gas is written in brackets. 


Unusual Electron Configurations 
There are a few electron configurations that don’t follow the pattern listed 
above. These belong to some of the transition metals. For atoms with electrons 


Figure 3.9 
1s 2s 2p 
Hydrogen | T 
Helium | TL 
Lithium TLI | 4 Note: According to the Pauli exclusion principle, the 


3” electron in lithium can't go in the Is sublevel. 


Beryllium ХА y: 


Boron ITLI f T Note: Because of Hund's rule, the 5" electron must enter 


a separate orbital. Also note how spins are parallel. 
Carbon | TL] | TL T T 


Nitrogen | TL} | TL] | Т | T | 7 | Very stable: half-filled p orbitals 


Oxygen |N] INI IN] Т | Т | The 8" electron is forced to pair up with another. 


Fluorine | TL] | TL} | TL) TL] T 


Neon INI IN| | ML I TL | tL | Very stable: filled orbitals 


www.petersons.com 


82 Par Ill: AP Chemistry Review 


in the d-orbitals, there are two very stable configurations of electrons—when 
the d-orbitals are half-filled and when they are completely filled. This causes 
an unexpected configuration for some elements like chromium and copper. In 
the example below, notice the difference in electron configurations between 
element 23, vanadium, and element 24, chromium: 


Vanadium: [Ar]4s?3d? 
You would expect that chromium would continue the pattern and have the 
configuration of [Ar]4s?3d"*. Instead, it is: 

Chromium: [Ar]4s!3d? 

This is because in this configuration, the two sublevels, 4s and 3d, are half- 
filled—a very stable configuration. The same phenomenon is seen in copper: 
Copper: [Ar]4s'3d'° 
The completely filled d sublevel and half-filled 4s sublevel is a very stable 

configuration. 


Electron Configurations and the Periodic Table 

A careful inspection of the periodic table and Figure 3.10 will allow us to see 
some very clear relationships between the elements and their electron 
configurations. Note the configurations for H, Li, Na, and K (all group 1A 
elements). For each element, the last part of the electron configuration 
shows s!, representing a single electron in the outer s orbital. The other 
groups of elements show similar patterns. The patterns help us to better 
understand certain properties of atoms that you will review in the next 
section. The periodic table is arranged according to the chart shown below: 


1A 8A 
1 18 
15 | 2A ЗА 4A 5A бА 7A | Is 
2 13 14 15 16 17 
2s 2p 
35 3B 4B 5B 6B 7B 8B IB 2B 3p 
3 E 5 6 7 8 9 10 11 12 
4s 3d 4p 
5s 4d 5p 
ós 5d бр 
75 ба 
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Lanthanide series ee 


Actinide series 5f 


Figure 3.10—Patterns in outer shell electron configurations found in the periodic 
table of the elements. 
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When writing the electron configurations for an atom, there are a couple of 
shortcut techniques that can be used to help you remember the order in which 
the orbitals will fill up. The first is the chart in figure 3.10. If you were going to 
writethe electron configuration for Selenium, Se, atomic number 34, you would 
first locate it on the periodic table. Second, you would begin going left to right 
across each period, filling in electrons as you gountil you reach Se. Going across 
period one produces 152. Moving left to right across period 2 produces 2s? and 
2p$. Continuing on until you reach Se, you would end up with 
1s5225?2p63s?3p64s?3d!04p^, ог [Ar]4s?3d!04p^. At this point, you may be 
wondering if you should write the 3d orbitals before the 4s or after it. Writing 
it before is a way to show the configurations in order by energy level, whereas 
placing itafter shows them in order of increasing energies. If you look at enough 
resources, you will find that it is done both ways, each source claiming that its 
is the correct way. In the past, the College Board has written them both ways, 
so be prepared for either. It is not incorrect to write them either way. What the 
questions on the AP exams of the past have been testing is whether you know 
the Aufbau principle, the Pauli exclusion principle, and Hund’s rule. 


1. You begin row 1 by writing 15. 15 

2. In row 2, you are going to have two 15 
sublevels listed, 2s and 2p. 25 2р 

3. In row 3, you will have three ls 
sublevels, 35, Зр, and 3d. 2s 2p 


3s 3p 3d 


4. For the remaining rows, you are 
going to go up to fin energy levels 
4 and 5, then begin going down. 
For example, in row 6, you only 
go to d, in row 7 only to p. There 
is no row 8. 


5. To finish the chart, you will place 
arrows diagonally through the numbers 
so that the arrows begin on the right 
side of the chart and move diagonally 
to the left, dropping one level each 
column. When you follow the arrows 
to determine the order of filling, 
you begin at the top and move 
down to the left, and when you 
reach the end of the arrow, move 
back up to the arrow that is below 
the one you just finished. In other 
words, 15, then back to 25, then 2p, 
3s, then 3d, 4p, 55, and so on. 
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The second method uses what is often called the Aufbau chart. You can 
easily produce this from memory by constructing it as follows: 


Sample: Write the electron configuration for Ba, atomic number 56. 
Answer: 15225?2p635?3p6As?3d'" Ap$5s?4d'^5p$6s? or [Xe]6s? 


You Try It! 
Write the electron configuration for Radon, Rn. 


Answer: 15225?2p935?3p945?341045655244105566524/14^5,]10656 


PERIODIC TRENDS 
Factors Affecting the Behavior 
and Structure of Atoms 


There are two factors that are closely associated with the structure and 
behavior of atoms. The first of these is known as effective nuclear charge. 
The nuclear charge is related to the number of charged particles (protons) in 
the nucleus. As the nuclear charge increases, there is an increase in the 
attractive force between the nucleus and the electrons. Nuclear charge 
increases from left to right across a period. 

The second of these is known as nuclear shielding. Nuclear shielding 
occurs when electrons in a lower energy level "shield" the electrons in a 
higher energy level from the effective charge of the nucleus. As a result, the 
attractive force felt by those outer electrons is less than it would be had those 
inner electrons not been present. As more energy levels fill, more shielding 
is seen between the nucleus and the outermost electrons in an atom. 
Therefore, nuclear shielding increases, going from top to bottom in a group. 
Increases in nuclear shielding are seen only after an energy level is filled and 
electrons begin to fill in a further energy level. Therefore, nuclear shielding 
does not change going from left to right across a period. 


Variations in Atomic Radius 


The atomic radius 1s the distance between the nucleus and the outermost 
electron. Atomic radii are measured in nanometers (10? meters). In some 
fields, atomic radii are measured in a unit known as an angstrom, À (1019 m, 
or у Ofa nanometer). Hydrogen is the smallest atom, measuring only 0.037 
nm, or 0.37 Á. 
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Trends in Atomic Radii 
Periodic trends: Going from left to right across a period, atomic size tends 
to decrease. This occurs because of an increase in nuclear charge, which 
"pulls" the electrons in more tightly (thus making the atoms smaller). The 
noble gases are the smallest elements in each period. 

Group trends: Going from top to bottom in a group, atomic size increases. 
This is because electrons begin filling in energy levels that are farther from 
the nucleus (thus making the atoms bigger). 


H He 
0.37 0.32 
Li | Be B C N о Е | Ne 


1.86 | 1.60 1.43 | 1.17 | 1.10 | 1.04 | 0.99 | 0.97 

K | Ca Ga | Ge | As | Se | Br | Kr 
2.27 | 1.97 1.22 | 1.22 | 1.21 | 1.17 | 1.14 | 1.10 
Rb | Sr In | Sn | Sb | Te I Xe 
2.47 | 2.15 1.63 | 1.40 | 1.41 | 1.43 | 1.33 | 1.30 


Figure 3.11—Atomic radii for the first five periods of the representative elements. 
All units are in Angstroms (A) 


Sample: Arrange the following atoms in order of increasing atomic radius: 
S, P,O 


Answer: If you note the arrangement of these atoms, S and P are in the same 
period, while O and S are in the same group. Therefore, P is larger than S, 
and S is larger than O. Therefore O < S <P. 


You Try It! 
Arrange the following elements in order of decreasing radius: Si, Na, Mg. 
Answer: Na > Mg > Si 
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lonization Energy 


Ionization energy is the amount of energy necessary to remove an electron 
from a gaseous atom. This quantity of energy will fluctuate in direct 
proportion to the amount of attraction between the nucleus and the electrons. 
When the force of attraction is strong, the ionization energy will be a larger 
number. When the force of attraction is weak, the ionization energy will be 
a small number. 


Trends in lonization Energies 

Periodic trends—lonization energies increase going from left to right across 
a period. This is because of the increase in nuclear charge. As the nuclear 
charge increases, the attraction between the electrons and the nucleus 
increases. This makes it more difficultto remove an electron from the atom. 


Group trends—Jonization energies decrease going from top to bottom in a 
group. This is due to the increase in nuclear shielding. Within a group, as 
atomic number increases, the amount of shielding increases. This greater 
shielding causes a decrease in the amount of attraction between the nucleus 
and the electrons. As a result, it becomes easier to remove the outermost 
electrons of the atom. 


H He 
1312 2372 
Li | Be B C N о Е Ne 
520 | 899 801 | 1086 | 1402 | 1314 | 1681 | 2081 
Na | Mg AI Si P S Cl | Ar 
496 | 738 578 | 786 | 1012 | 1000 | 1251 | 1521 
K | Ca Ga | Ge | As | Se | Br | Kr 
2.27 | 1.97 579 | 762 | 947 | 941 | 1140 | 1351 
Rb | Sr In | Sn | Sb | Te I Xe 
376 | 503 558 | 709 834 | 869 | 1008 | 1170 


Figure 3.12—First ionization energies for the first five periods of representative 
elements. All units are in angstroms. 


Multiple lonization Energies 

The energy required to remove one electron from the outermost energy level 
of an atom is known as the first ionization energy. The energy required to 
remove the next electron (2nd electron) is known as the second ionization 
energy. The energy required to remove the 3rd electron is the third 
ionization energy, and so on. By comparing multiple ionization energies of 
atoms, it is possible to determine the charge of an atom. 

Elements in Group IA all have a single electron in their outermost energy 
levels. Due to the relatively small nuclear charge, it is fairly easy to remove 
this outer electron. However, once this electron is removed, the atoms all 
have electron configurations similar to a noble gas. Noble gases have some 
of the highest ionization energies. Therefore, a large amount of energy will 
be required to remove subsequent electrons. When these elements are 
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involved in reactions, they will always lose one electron and no more (since 
additional electrons would be extremely difficult to remove). 


Summary: Group IA elements have a small first ionization energy and a 
very large second ionization energy. They will lose one electron in a 
chemical reaction and have a 1* charge. 

Elements in Group IIA all have two electrons in their outermost energy 
levels. Again, due to the relatively small effective nuclear charge, it is fairly 
easy to remove these outermost electrons. After removal of two electrons, 
however, these elements will have electron configurations like noble gases. 
Therefore, a large increase in ionization energies is seen between the second 
and third ionization energies. In reactions, these elements will lose two 
electrons. 


Summary: Group ПА elements have relatively small first and second 
ionization energies and larger third ionization energies. They will lose two 
electrons in a chemical reaction and have a 2* charge. 

In a similar fashion, elements in group IIIA will lose 3 electrons in a 
chemical reaction and acquire a 3* charge. Beyond Group III, however, the 
nuclear charge begins to be much greater, which makes removal of the 
outermost electrons quite difficult, especially for the elements with lower 
atomic numbers. As a result, these atoms will tend to resist giving up their 
outer electrons and instead tend to have a strong attraction for electrons of 
other atoms. 


Sample: Which atom should have a smaller first ionization energy, oxygen 
or sulfur? 


Answer: Since oxygen and sulfur are in the same group, you must recall the 
group trends. Since the outer electron in sulfur experiences more shielding, 
it will be easier to pull off. Therefore, S has the smaller first ionization 
energy 

You Try It! 

Which atom should have a larger first ionization energy: N or P? 
Answer: N (less shielding) 


lonic Radius 

Although there are patterns for the sizes of the ionic radii, these are not as 
easy to see as the patterns for other periodic trends. The patterns can really 
be divided into two main categories (other than periodic trends and group 
trends). These two categories are positively charged ions (cations), and 
negatively charged ions (anions). The main difference is that cations will 
lose electrons, leaving them with an increased effective nuclear charge per 
electron (more protons in the nucleus per electron). Anions will gain 
electrons, leaving them with a decreased effective nuclear charge. As a 
result, cations are smaller (more protons pulling fewer electrons) than their 
corresponding neutral atoms, and anions are larger (fewer protons pulling 
more electrons) than their corresponding neutral atoms. Therefore, in 
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Groups 1A through 3A, each ion is smaller than its corresponding neutral 
atom. All cations get smaller going across a period and larger going down 
agroup. For groups 5A through 7A, the ions are larger than their correspond- 
ing atoms, however, they still get smaller going across the period and larger 
moving down a group. 


Sample: Rank the following from smallest to largest: N^, Be**, O* 


Answer: These elements are all in the same period. When beryllium loses 
two electrons, it will then lose them from the 2s orbital, leaving only 2 
electrons in the 1s orbital. These will be acted on by 4 protons, however, 
making a very small ion. Oxygen and nitrogen will both be receiving 
electrons into 2p orbitals, however, oxygen has a larger effective nuclear 
charge. Therefore, the oxygen ion will be slightly smaller than the nitrogen 
ion. The answer, therefore, is: Be** < O^ < М 


You Try It! Rank the following from smallest to largest: Mg**, Ca?*, AP* 


Answer: AP* « Mg?* « Ca?* 


Electron Affinity 


While ionization energy represents the amount of energy required to remove 
an electron from an atom, the electron affinity is the energy change that occurs 
when an electron is added to a gaseous atom. It is a measure of the amount of 
an atom's attraction for electrons. The values for an electron can be negative 
or positive. Negative values correspond to a release of energy, while positive 
values correspond to energy required to form an ion. For atoms that have a 
half-filled, or filled sublevel, or energy level, the addition of electrons is 
energetically unfavorable. Thus, the atoms with these configurations, groups 
2A, 5A, and 8A, tend to have slightly negative or even positive electron 
affinity values. Atoms that are in the groups justto the left of these have much 
more negative electron affinities. This is because the addition of an electron 
will give these elements the stable half-filled, or filled sublevels. 


H He 
=з 20 
Li | Be B C N о Е Ne 
—60 | >0 —-27|—122| >0 |—141| —328| >0 
Na | Mg AI Si P S Cl | Ar 
—53 | >0 43 134 72 200 | —349} >0 
K | Ca Ga | Ge | As | Se | Br | Kr 
48 4 30 119 78 195 325| >0 
Rb | Sr In | Sn | Sb | Te I Xe 
47 11 30 107 103 190 | 295 | >0 


Figure 3.13—Electron affinities of the first five periods of representative elements. 
All units are given in kJ/mol. 


Sample: Why is it that sodium has a negative electron affinity while 
magnesium has a positive value? 
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Answer: Sodium only has a single electron in the 3s orbital. It can easily 
accommodate one more. Magnesium, on the other hand, has to add electrons 
to the 2p orbitals, which is not nearly as favorable. 


You Try It! 

Explain the difference in electron affinities between nitrogen and oxygen. 
Answer: Nitrogen has a very stable 2p? arrangement (one electron in each 
p orbital). Adding an electron means a loss in some of that stability. 


Electronegativity 

Electronegativity is a measure of the tendency of an element to attract 
additional electrons in a chemical reaction. Nonmetals (elements on the upper 
right portion of the periodic table) attract electrons more than metals because 
of their relatively higher nuclear charges and small shielding effects. The scale 
for measuring electronegativities goes from 0.7 to 4.0 (with 4.0 being the 
highest value). The element with the largest electronegativity is fluorine. This 
is because fluorine has the highest effective nuclear charge and the least 
amount of shielding. While the noble gases do have a higher nuclear charge, 
they are unable to react with other elements due to their electron configuration 
(this will be covered in Chapter 5). By definition, the attraction for other 
electrons has to be in a chemical reaction. The element with the smallest 
electronegativity is cesium. This is because its electrons are highly shielded 
and experience a small effective nuclear charge. 


Trends in Electronegativities 


H 

2.1 

Li | Be B C N о Е 
1.0 ES 2.0 2:3 3.0 35 4.0 
Na | Mg Al Si P S СІ 
0.9 1.2 1.5 1.8 2,1 2:9 3.0 
K | Ca Ga | Ge | As | Se | Br 
0.8 1.0 1.6 1.8 2.0 24 2.8 
Rb | Sr In Sn | Sb | Te I 

0.8 1.0 1.7 1.8 1.9 2.1 2.5 
Cs | Ba Tl | Pb | Bi | Po | At 
0:7 0.9 1.8 1.9 1.9 2.0 2.2 


Figure 3.14—Electronegativity values for the first six periods of representative 
elements. 


Periodic trends—Electronegativities increase going from left to right across 
a period. This is due to the increasing nuclear charge, which causes a 
stronger attraction between the nucleus and electrons. 


Group trends—Electronegativities decrease going from top to bottom in a 
period. This is due to the increased shielding, which weakens the attraction 
between the nucleus and the electrons. 
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Sample: Rank the following by increasing electronegativity: N, P, O 


Answer: N and P represent group trends, while N and O represent periodic 
trends. N is more electronegative than P (less shielding), while O is 
more electronegative than N (greater effective nuclear charge). Therefore, 
P«N«O. 


You Try It! 
Explain why H has an electronegativity so much larger than Li. 


Answer: H has only oneelectron. Ithas no shielding; therefore any electrons 
can be incorporated into the closest s orbital to the nucleus. 


Summary of Periodic Trends 


1. Going from left to right across a period, nuclear charge increases, while nuclear 
shielding is unaffected. As a result, 


a. atomic radius decreases. 
b. ionization energy increases. 
c. electronegativity increases. 


2. Going from top to bottom down a group, nuclear charge is unaffected while 
nuclear shielding increases. As a result, 


a. atomic radius increases. 
b. ionization energy decreases. 


c. electronegativity decreases. 


Atomic radius decreases 
Ionization energy increases 
Electronegativity increases 


1A 
1 
1 
H | 2A 3A 4A 5A 6A 7А 
1.0079| 2 13 14 15 16 17 
Fa a] 5 6 7 8 9 
Li | Be B C N о Е 
6.941 | 9.012 10.811]|12.011/14.007| 16.00 | 19.00 
П 12 13 14 15 16 17 
Na | Mg 3B 4B 5B 6B 7B 8B IB 2B | AI Si P S СІ 


22.99 |24301 3 4 5 6 7 8 9 10 11 12 |26.98 | 28.09 |30.974| 32.06 135.453 
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 
К | Са | Sc тї V Cr | Mn | Fe | Со | Ni | Cu Zn | Ga | Ge | As | Se | Br 

39.10 | 40.08 | 44.96 | 47.90 | 50.94 | 52.00 |54.938| 55.85 | 58.93 | 58.69 | 63.55 | 65.39 | 69.72 | 72.59 | 74.92 | 78.96 | 79.90 
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 33 
Rb | Sr Y | Zr | Nb | Мо | Tc Ru | Rh | Pd | Ag | Cd | In | Sn | Sb | Te I 

85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.1 |102.91[106.42|107.87|112.41|114.82/118.71 |121.75:127.60|126.91 
55 56 57 12 73 74 75 76 77 78 79 80 81 82 83 84 85 
Cs | Ва | La | Hf | Ta | W | Re | Os | Ir | Pt | Au | Hg | Т | Pb | Bi | Po | At 

132.911137.33 |138.911178.49 180.95 |183.85|186.21| 190.2 | 192.2 |195.08/196.97|200.59|204.38| 207.2 |208.98| (209) | (210) 
87 88 89 104 105 106 107 108 109 
Ег | Ra | Ас | Орд | Опр | Unh | Uns | Uno | Une 

(223) |226.02|227.03[ (261) | (262) | (263) | (262) | (265) | (266) 


Ѕәѕвәләш SnIpe. 2Tu0] y 


Ѕәѕеәләәр Aja ye ZIUA 
ѕәѕвәләәр 48л3әиә uoreziuo 


Figure 3.15 Summary of periodic trends 
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Summary: Atomic Structure 


Our concept of an atom has changed quite a bit since Dalton first 
provided evidence for the existence of atoms. You should be familiar 


with the major contributions to the development of modern atomic 
theory. They do pop up on the test from time to time. Table 5.1 provides 
a good overview of these individuals and their contributions. 


The periodic table provides us with an excellent way to organize 
information about the elements. You should be familiar with the basic 


layout of the table as well as the names for specific groups of elements. 


The Quantum mechanical model of atomic structure is far too difficult 
to be explained in detail in an AP Chemistry course. However, some 
aspects ofthe theory are appropriate, and you should know them. These 


includethe predicted number and shapes of orbitals in each energy level; 
the number of electrons found in each orbital, sublevel, and energy 
level; and the meaning of the four quantum numbers. 


Electron configurations provide us with a convenient way to map the 
positions of electrons. Most of the elements on the periodic table follow 
a very simple pattern in the buildup of electrons; however, there are a 


few exceptions, which you should try to memorize. 


Because of the arrangement of elements on the periodic table, there are 


several patterns that can be seen between the elements. These patterns, 
or periodic trends, can be observed for atomic radius, ionic radii, 


ionization energies, electron affinities, and electronegativities. You 


should be familiar with the periodic and group trends for each of these. 
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REVIEW QUESTIONS 


Questions 1-4 


2. 


3. 


4. 


(A) F 
(B) О 
(С) Li 
(D) Na 
(E) K 


. Which element is the least electronegative? 


Which element has the lowest ionization energy? 
Which of the above has the smallest naturally occurring ion? 


Which atom has the smallest atomic radius? 


. Which of the following pairs of atoms represents an isotope? 


Atomic number Mass number 
(A) I. 8 18 
II 9 18 
(B) I. 8 9 
II 18 18 
(C) I. 8 18 
II 18 36 
(D) I. 9 18 
II 9 19 
(E) I. 6 12 
II 12 18 


In questions 6—8, refer to the electron configurations shown below. 


6. 


7. 


8. 


(A) 1522522р63523рќ 
(B) 15225?2p635?3p64513d? 
(C) 1522522р83523рб 
(D) 1522522p63s?3p64s?3d* 
(E) 1522522р63523рб 


electron configuration of Cr 
violates Pauli Exclusion Principle 


noble gas configuration 
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In questions 9-11, select the scientists primarily responsible for the findings in 
each question. 


10. 


12. 


(A) Dalton 

(B) Einstein 
(C) Heisenberg 
(D) Thomson 
(E) Rutherford 


. Made important discoveries about the properties of cathode rays 


Proposed the existence of a nucleus 


. Determined that it was impossible to know simultaneously information about 


the location and movement of electrons 


Which set of quantum numbers (n, /, mj, т.) is not possible? 
(A) 1,0, 0, 
(B) 1, 1,0, 
(C) 1,0,0, -5 


ip) bons 
(E) 3, 2,1, ; 


1 
2 
1 
2 


Free Response 


(A) Chlorophyll a, a photosynthetic pigment found in plants, absorbs light 

with a wavelength of 660 nanometers. 

(i) Determine the frequency, in s, of chlorophyll a. 

(ii) Calculate the energy of a photon of light with a wavelength of 
660 nm. 

(B) In the Balmer series of hydrogen, one spectral line is associated with 
the transition of an electron from the fourth energy level (n = 4) to the 
second energy level (n = 2). 

() Indicate whether energy is absorbed or emitted as the electron 
moves from л = 4 to n = 2. Explain. 

(ii) Determine the wavelength of this spectral line. 

(iii) Indicate whether the wavelength calculated in (11) is longer or 
shorter than the wavelength associated with an electron moving 
from n = 5 to n = 2. Explain. 
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ANSWERS 
1. 


10. 


11. 


www.petersons.com 


The correct answer is (E). Potassium will be the least electronegative element. 
The electronegativity value of an element is determined by the strength of 
attractions the atom has for other electrons in a chemical bond. Atoms with the 
highest electronegative values have a combination of a large effective nuclear 
charge and a small amount of shielding. In general, the elements at the upper 
right portions of the periodic table of the elements have the highest electrone- 
gativity values, while the elements in the lower left regions have the lowest 
values. Of the five choices, potassium has a combination of the smallest 
effective nuclear charge and the greatest amount of shielding. 


The correct answer is (E). For the same reasons that it has the lowest 
electronegativity, potassium has the lowest ionization energy. The outermost 
electron has the most shielding between it and the nucleus with the smallest 
effective nuclear charge. 


The correct answer is (C). Lithium has the smallest ion. When a lithium atom 
loses its outermost electron, it loses the entire second energy level. Its only 
remaining electrons are in the first energy level and have one more proton than 
helium with which to attract them. 


The correct answer is (A). Fluorine has the smallest atomic radius. The 
fluorine atom has the highest effective nuclear charge of the elements in the list. 
Because there are no elements on the list with a greater effective nuclear charge 
orasmaller amount of shielding, fluorine will have the smallest atomic radius. 


The correct answer is (D). Isotopes of an element have the same atomic 
number (numbers of protons), but different mass numbers (numbers of neu- 
trons). The only choice that represents the same element is (D), where each 
isotope has 9 protons. One isotope has 9 neutrons, while the other has 10 
neutrons. 


The correct answer is (B). Although choices (B) and (D) each have 24 
electrons, (B) is the better answer because of chromium's exceptional electron 
configuration. The chromium atom gains increased stability by promoting one 
of the 4s electrons to the vacant 3d orbital. This promotion creates half-filled 
orbitals, which increase stability. 


The correct answer is (C). By placing 8 electrons in the 2p orbitals, (C) is in 
violation of the Pauli exclusion principle, which states that each orbital may 
only contain 2 electrons and that those must have opposite spins. Eight 
electrons exceed the maximum six. 


The correct answer is (E). Choice (E) has the noble gas configuration (of 
Argon), which characteristically has filled s and p sublevels. 


The correct answer is (D). Thomson's work with cathode ray's led to his 
eventual discovery of many important properties of the electron and his 
subsequent development of the “plum pudding" model of the atom. 


The correct answer is (E). Rutherford, based on the results of his gold-foil 
experiment developed a model of the atom that included a positively charged 
dense core (the nucleus). 


The correct answer is (C). The statement in 1 1 is the essence ofthe Heisenberg 
Uncertainty Principle. 
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12. Thecorrect answer is (B). Choice (B) is an impossible configuration because 
of the value of the 1 quantum number. The value of lis only permitted to go from 
n-1 to 0. Therefore, 1 cannot have the same value as n. 


Free Response 
(A) Chlorophyll a, a photosynthetic pigment found in plants, absorbs light with 
a wavelength of 660 nanometers. 
(i) Determine the frequency, in s, of chlorophyll a. 
The frequency can be determined using the equation below 
UE 
i 


One important consideration is that the wavelengths and speed of light 
are expressed with different units of length. One of them will have to 
be converted before the frequency is calculated. 


+8 xl 
у= 50096 ID ms Ba scio d 


660nm| — — 
10^nm 
(ii) Calculate the energy of a photon of light with a wavelength of 660 nm. 


To solve this one, you are going to multiply your answer from (i) by 
Planck's constant, h: 


E = һу = (6.626 x 10% J s)( 4.54 x 10 s1) = 3.01 x 10? J 


(B) In the Balmer series of hydrogen, one spectral line is associated with the 
transition of an electron from the fourth energy level (n=4) to the second 
energy level (n = 2). 

(i) Indicate whether energy is absorbed or emitted as the electron moves 
from n=4 to n=2. Explain. 


Energy is absorbed when an electron moves from a lower energy level 
to a higher energy level. When an electron moves from a higher energy 
to a lower energy level, the atom will release energy (in the form of a 
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photon). That is what provides the driving force to move the electron. 
Since n=4 corresponds to a higher energy level than n = 2, the atom will 
release energy in this transition. 

(ii) Determine the wavelength of this spectral line. 
The solution to this problem is a lengthy one. The energy level data will 
allow us to use the Rydberg equation, but this will only solve for E. In 
order to determine the wavelength, the energy (E) will be used to 
calculate the frequency, which can then be used to determine the 
wavelength. 
The first step is to use the Rydberg equation to determine the energy 
emitted by the transition. 


AE = RH EN ER 
non 


AE = 2.18 x 10-55 (2-3 


= -19 
= je) =401 x10 J 


The next step is to use the energy you just obtained to calculate the 
frequency. 
E 401x107] 
v= = 
h 6626x10™ Js 


Finally, you can use the frequency to determine the wavelength. 


=6.05x10"s" 


c 3.0x10°ms* 
v 6.005x10Ps* 


= 4.96 х10 m = 496 nm 


(iii) Indicate whether the wavelength calculated in (ii) is longer or shorter 
than the wavelength associated with an electron moving from n = 5 to 
п = 2. Explain. 


The transition from n = 5 to n = 2 is a larger transition than from n = 4 
to n = 2, and, as a result, the photon will possess more energy. 
Because the photon has more energy, it will also have a higher 
frequency (v = E/h). This higher frequency corresponds to a shorter 
wavelength (A = c/v). 
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Nuclear Chemistry 


The AP exam requires you to know about nuclear equations, half-lives, 
radioactivity, and chemical applications of nuclear properties. This chapter 
begins with a brief review of the history ofthe nucleus and how we came to 
know about it and then moves into the required topics. 


THE DISCOVERY OF RADIOACTIVITY 


A simple, but working, definition of radioactivity is “the spontaneous decay 
of particles from the nucleus of an atom." Henri Becquerel first discovered 
radiation in 1896 while doing research on the fluorescence of different 
materials. One day, he set a sample of uranium ore in a drawer atop some 
unexposed photographic plates. Upon later developing the film, he discov- 
ered that the film had been exposed in the location where the ore had been 
sitting. He concluded that there must be some high-energy emissions 
emerging from the material. Becquerel did not wish to pursue this separate 
line of research, so he passed the work on to one of his graduate students, 
Marie Curie, and her husband, Pierre. The Curies painstakingly worked 
with large samples of the uranium ore to isolate the material responsible for 
the emissions (the material they isolated was radium). 


RUTHERFORD DISCOVERS 
DIFFERENT TYPES OF RADIATION 


The next major discoveries about radiation came from Ernest Rutherford. 
These experiments came before his famous "gold-foil" experiment. He 
discovered that an electrical field affected the emissions from radioactive 
material. By placing a sample of material near two charged plates (similar 
to the design of Thomson's cathode ray studies), he was able to observe the 
behavior of the radioactive emissions in an electric field. He accomplished 
this by firing a sample of radioactive material in a thin stream between two 
charged plates. He placed a photographic plate on the opposite side of the 
charged plates to observe the deflections of any particles. 

From the deflections, he determined that some of the particles were 
positively charged, some were negatively charged, and some were not charged 
atall. He discovered that the positively charged particles were much more 
massive than the others, and when combined with electrons, they formed 
helium atoms. He called these particles alpha particles (0- particles), and 
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today we know them to be helium nuclei. The negatively charged particles 
were lighter and faster-moving than alpha particles and behaved like cathode 
rays. Rutherford called these beta particles (B-particles), and today we know 
them to be electrons. The third, neutral emission was determined to be 
extremely high-energy radiation, unaffected by an electrical field. These 
emissions became known as gamma rays (y rays). 

Alpha particles are relatively large and slow-moving and are easily 
stopped. Beta particles are much smaller, much faster, and about 100 times 
more penetrating than alpha particles. Gamma rays (often referred to as 
gamma photons) are massless and extremely fast and possess high energy. 
They are by far the most penetrating radiation—about 100 times greater than 
a beta particle, or 10,000 times more penetrating than an alpha particle. 

The remainder of this chapter will be devoted to the process of radioactive 
decay. 


DIFFERENT TYPES OF RADIOACTIVE EMISSIONS 


There are five main types of emissions: alpha emission, beta emission, 
positron emission, electron capture, and gamma emission. Four of these 
produce changes in the elements undergoing decay, and the end result is a 
more stable atomic structure. 


Alpha Emissions 


These emissions result in the release of an alpha particle from the atom. 
Recall that an o-particle is a helium nucleus. The result in alpha decay is the 
atom's atomic number decreasing by two and the mass number decreasing 
by four. An example of an a-decay is 


238 4 234 
SU51Her Th 


You Try It! 
Fill in the missing isotope in the reaction that follows: 


21р: .4 
вз Bi;He + 


Answer: Su 
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Beta Emission 


Although there are two types of B-particles (B+ and B-), the former is usually 
referred to as a positron, so we'll refer to only the B- particle as a beta 
particle. In a beta emission, a beta particle is ejected from the atom. A beta 
particle has all of the properties of an electron (virtually massless, negative 
charge), yet it is created by the conversion of a neutron in the nucleus to a 
proton and an electron (beta particle). The proton remains in the nucleus, 
and the beta particle is ejected from the nucleus. An example of a beta 
emission is 
S Aco í e+ Th 

Notice that since the number of nucleons in the atom does not change, the 
mass number remains unchanged. However, the gain of a proton increases 
the atomic number by one (and consequently changes the element). 


You Try It! 
Fill in the missing isotope in the reaction that follows: 


209 0 
go Pb e+ 


Answer: # Ві 


Роѕіїгоп Етіѕѕіоп 


Positron emissions аге also known as B+ emissions. The positron is known 
as an antiparticle. Antiparticles are the exact opposites of particles. The 
positron is the antiparticle to an electron and is represented by the symbol 
E e. Theelectron has virtually no mass and acharge of negative one (relative 
to a proton). A positron has virtually no mass and a charge of positive one. 
When an electron and its antiparticle, the positron, collide, they disintegrate 
and their matter is converted entirely into energy in the form of two gamma 
rays. In a positron emission, a proton in the nucleus is converted into а 
neutron and a positron. The neutron remains in the nucleus, and the positron 
is ejected. The life span of the positron is very brief since it will disintegrate 
upon collision with an electron. An example of a positron emission can be 
seen in the example showing the breakdown of carbon-11: 


11 0 11 

6C4,e+ 3B 
Notice that the number of nucleons doesn't change here, either. As a result, 
the mass number of the atom does not change. However, the conversion of 


a proton to a neutron decreases the atomic number by one (and changes the 
element). 


You Try It! 

Fill in the missing isotope in the reaction that follows: 
58 0 
Cue + 


Answer: 2s Ni 
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Electron Capture 


The fourth type of emission is called electron capture. In this process, an 
inner shell electron is pulled into the nucleus, and when this occurs, the 
electron combines with a proton to form a neutron. In electron capture 
reactions, the atomic number decreases by one, the mass numberremains the 
same, and the element changes. One difference in this type of reaction is that 
the electron is written to the left of the arrow to show that it is consumed, 
rather than produced, in the process. An example of electron capture can be 
seen in the following reaction: 


201 0 201 
so Hg t.e ә Аш 


You Try It! 
Fill in the missing isotope in the reaction that follows: 


68 0 
37 бе+ це > 


Answer: “Ga 


Gamma Radiation 


The fifth type of radioactive emission, gamma radiation, does not result in 
achange in the properties of the atoms. Asa result, they are usually omitted 
from nuclear equations. Gamma emissions often accompany other alpha or 
beta reactions—any decay that has an excess of energy that is released. For 
example, when a positron collides with an electron, two gamma rays are 
emitted, a phenomenon usually referred to as annihilation radiation. 


RADIOACTIVE DECAY 


There are a variety of reasons why radioactive decay occurs, but the primary 
reason is increased nuclear stability. To briefly review, attractive forces must 
overcome electrostatic repulsions between the like-charged protons. These 
attractive forces are provided by gluons (but you needn’t concern yourself 
with knowing about gluons). Neutrons seem to play a role in this attractive 
process as well, both by attracting neighboring nucleons (including protons) 
and by “diluting” the electrostatic repulsions between the protons, by 
spreading them out a bit. Small atoms tend to have stable structures with 
equal numbers of neutrons and protons. As atoms get larger, the number of 
neutrons exceeds the number of protons. There are also two other properties 
that seem to determine stability of atomic nuclei. These are based on a model 
of nuclear stability known as the shell model of the nucleus. Just as there are 
stable electron configurations, there seem to be stable configurations of 
nucleons. These two properties fall into two categories: 
1. Magicnumbers—There are certain numbers of protons and neutrons that 
are found in the most stable nuclei. These are known as the magic numbers 
for protons and neutrons. For protons, the numbers are 2, 8, 20, 28, 50, and 82. 
For neutrons, the numbers are 2, 8, 20, 28, 50, 82, and 126. 
2. Nuclei with even numbers of protons AND neutrons are more stable than 
atoms with odd numbers of neutrons. It is believed that perhaps proton- 
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proton pairs and neutron-neutron pairs form stable relationships, much like 
electron-electron pairs in molecules. Above atomic number 83 (elements 84 
and up), all elements are radioactive. 


The Band of Stability 


Figure 4.2 shows the pattern of stable nuclides of the elements. The shaded 
area ofthe graph indicates stable isotopes and is known as the belt (or band) 
of stability. Most radioactive isotopes are located outside this region. The 
figure may also help you to see that there are three main situations that 
determine the types of decay that elements are likely to undergo. 


1. Atoms whose nuclei are above the band of stability (high neutron-to- 
proton ratio) can lower their numbers of neutrons by undergoing beta 
emissions. The typical pattern for these is that the mass number (number of 
neutrons + number of protons) is greater than the atomic weight. Remember 
that beta emissions convert neutrons into protons and beta particles. 

2. Atoms whose nuclei are below the band of stability (low neutron-to-proton 
ratio) can raise their numbers of neutrons by undergoing positron emis- 
sions, or electron capture. The typical pattern here is that the mass number 
is less than the atomic weight. Remember that both processes involve the 
conversion of a proton into a neutron. 

3. Atoms with atomic numbers higher than 84 are too large to remain stable. 
The easiest way to decrease size is to undergo alpha emission. Remember that 
alpha emissions eliminate two protons and two neutrons. 


120 
100 


80 


Belt of stability 


60 


Number of neurons 


Neutrons/Protons — 1 
40 


0 20 40 60 80 


Number of protons 


Figure 4.2 


A large sample of radioactive material will spontaneously decay. Over 
time, the amount of the original sample will decrease and the amounts of 
products will increase. In the next section, you will look at the different ways 
this decay is described. 
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NOTE 
These are just 
general guidelines, 
and they do 

not work for all 
elements. 
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HALF-LIFE 


A common way to describe the rate at which radioactive decay is occurring 
is a measurement known as the half-life. Half-life is defined as the time 
necessary for one half of a radioactive sample to undergo decay into new 
elements. Different isotopes have different decay rates. Some are as long 
or longer than 4.5 billion years (Uranium-238) to as short as 10 microsec- 
onds (astatine-215). It is not necessary to understand the factors that 
contribute to the length of the half-life, but you are expected to be able to 
perform various calculations involving half-life. There is also no way to 
really predict when an atom will undergo a single decay, but it is possible to 
observe large amounts of decay and come up with an average rate. If the 
amount of a radioactive substance is measured over time and the results are 
plotted, the resulting graph is known as a decay curve. Figure 4.3 shows the 
decay pattern more clearly. 


Decay of Potassium-44 


Amount of K-44 (g) 


0 22 44 66 88 10 


Figure 4.3 


From a conceptual approach, we can look at half-life as the time it takes 
for 1; of a sample to decay into some other substance. For instance, if we 
start out with 1.0 g of a radioactive sample, after one half-life has elapsed, 
we will be left with only 0.5 g of the original material. After two half-lives, 
we will have 0.25 g. After 3, 0.125 g. As you can see, this could go on for 
some time, but it is generally accepted that after about 10 half-lives have 
elapsed, there is a negligible amount of the original radioactive material left. 

Most of the problems on past AP exams that contain half-lives are 
relatively simple to solve, using either conceptual or mathematical ap- 
proaches. On the exam, you are not provided with any equations related to 
nuclear chemistry. Therefore, any calculations you will have to make should 
be fairly simplistic and easy to solve using a few simple rules. From a 
conceptual perspective, this that means half-life problems can be solved by 
repeatedly cutting the starting amount in half. For example, after one half- 
life, a sample will have 1⁄4 the number of radioactive nuclei that it started 
with. After two half-lives, the sample will have ( 1 )( 14 ) or (4 }2, times the 
number of radioactive nuclei left. Afterthree half-lives, the sample will have 
(15)(15)(14), or (14 P^, times the number of radioactive nuclei left. If you 
haven't already spotted the pattern here, it is that the amount of sample left 
after time ¢ will be 
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N, = 3) 
where n = the number of half-lives that have elapsed during time interval f. 
This can also be rewritten as 


Me 
Ny = OA 
which is the same thing as saying 
Fraction remaining = ( 1⁄4 )" 


Sample: If you start with 64 g of a material with a half-life of 10 years, how 
much will be left at the end of 40 years? 


Answer: Conceptually, you can work through this step-by-step: 


At end of You will have left 
10 years 32g 
20 years 16 g 
30 years 8g 
40 years 4g 


Or you can use the formula 


40 years = 4 half-lives, so 
N, =N)" = (64 g)(4)* = (64 g)(1/16) 24g 


The conceptual approach is particularly effective when solving problems 
that have half-lives that are whole number values. For more complex 
problems, we need to use some ideas borrowed from chemical kinetics. 
Radioactive decay can be described as a first order processes, which means 
it can be described with the following equation: 


Rate = kNt 


where kis a constant, known as the decay constant, and N is the number of 
radioactive nuclei in the sample at time f. Note that the rate is proportional 
to the size of the sample. 

Byapplying some basic calculus, we can integrate this equation into anew 
formula (it is not necessary for you to know how this was derived): 


Үк N, -k 
In N, =-kt or log N, - 2.303 


where t is the time interval, k is the decay constant, Nọ is the initial number 
of nuclei, and № is the number of nuclei after time т. Mass values can be 
substituted for the N values since the mass will be proportional to the number 
of nuclei. 

If you are going to be considering the half-life of a substance, then the 
quantities of nuclei will be related by the expression Nt = 15 №, or 2Nt = 
No. Remember, after one half-life, the number of nuclei of a particular 
radioisotope will have decreased by half. This relationship will allow us to 
simplify the above expressions through substitution (again, it is not neces- 
sary for you to know the derivation) into the following expression: 


(Equation 4.1) 


(Equation 4.2) 


(Equation 4.3) 


(Equation 4.4) 


(Equation 4.5, 4.6) 
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(Equation 4.7) 
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0.693 0.693 
k= Tort. = ec (the number 0.693 = In 2) 


1/2 
1? 


Sample: The half-life of Iodine-125 is 60 days. If the original sample had 
a mass of 50.0 grams, how much is left after 360 days? 


Answer: If you compare the half-life to the time elapsed, you will see that 
the number of half-lives that elapse during the time interval is a whole 
number (60/360 = 6). The easiest way to approach this problem, then, is to 
use equation 4.1: 


Nt = NO(A/2) 


Given information 


No = 50.0 g 
n = 6 half-lives We can now substitute these values into 
Nt=? the equation to solve for Nf 


Nt = 50.0 g(1/2)° = 50.0 g (1/64) = 0.781 g 


You Try It! 
Titanium-51 has a half-life of 6 minutes. If 98 g ofthe material are obtained, 
how many grams of the sample will remain after 1 hour? 


Answer: 0.096 g 


Sample: Iodine-131, a radioactive isotope of iodine, has a half-life of 8.07 
days. A lab worker discovers that a sample of iodine-131 has been sitting 
on ashelf for 7 days. What fraction of the original nuclei is still present after 
7 days? 


Answer: Tosolve this problem, you will wantto begin with the equation 4.6: 
к... 
98 No = 2.303 
We will use this equation because we are concerned with the ratio of the 
initial to the final sample. We don’t know k, so we can substitute the 
0.693 
expression k = FE for k in the equation. Doing so will produce the new 
expression: 
N, -0.693:  —0.693 (7.0 days) 
108 ү = 2.30372 ^ 2.303 (8.07 days) ~ 92610 


Therefore, we need to rearrange the equation so that 


N 


TA = 1092610 20, 548; 0.548 x 100% = 55% 
0 


Chapter 4: Nuclear Chemistry 105 


We also could have used equation 4.5: 


N 0.693 
In N, = -kt; substituting k = E 


N, 0.693 
we obtain ту =- 1 t 


N, 0.603 


LEA - 8.07 days days) = —0.601 


N, 
— _ 2-.601 _ - 
Ny =e = 0.548 = 55% 


This is about what we predicted, so chances are we’ ve done it correctly! 


You Try It! 
The half-life of phosphorus-30 is 2.5 min. What fraction of phosphous-30 
nuclides would remain after 14 min? 


Answer: 2.1% 
Sample: If a 1.0 x 10° g sample of technetium-99 has a decay rate of 6.3 x 
10° nuclei s, what is its decay constant? 


Answer: We want to use the formula: Rate = kNt 
The first thing we will need to do is rearrange the equation to solve for k: 


rate 


N, 


t 


k 


Weknow therate, but we still need to determine the number of nuclei present 
at time t (we only know the mass of the sample). To do this, we will need 
to determine how many technetium-99 atoms are present in 1.0 x 10? g of 
the substance). This is a mole-conversion problem (see Chapter 11). 


6.02 x 10? ??Tc nuclei 


1 mol Тс 


] mol "Te 
99 g Тс 


1.0x10° g Tex 


=6.1 x 10'* Tc nuclei 
Now, we have all of the information we need to solve the problem: 


NS LM 6.3x 10? nuclei / s 
М, ^ 61xl0' nuclei 


=10x 10" s! 


You Try It! 

A 2.8 x 10° g collection of plutonium-238 is decaying at a rate of 1.8 x 10° 
disintegrations per second. What is the decay constant (k) of plutonium-238 
in s? 


Answer: 2.5 x 10? $! 


TIP и 


Before beginning, it 
helps to consider 
what you are 
doing. If you know 
that the half-life is 
about 8 days and 
the sample is 7 
days old, you know 
there should be 
just more than half 
of the sample 
present in the 
sample. When you 
finish your work, 
check to make sure 
your answer is 
close to your 
estimate. 
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Sample: What is the half-life of technetium-99? 


Answer: We know from problem 3 that the decay constant of Tc-99 is 
1.0 x 10! s-t. We also know from equation 4.7 that 


0.693 
Lip = k 
Therefore, by substitution, we will get 
0.693 0.693 


їр Е = L0x10-Bs-i =6.9x 10? 5 


Depending on your needs, you might need to convert this into more suitable 
units. For instance, 
] min lh 1 day 


eX 7 
605 Хх єтїш *^ 24h = 7.99 x 107 days 


This still isn't a very useful amount since it is so large, so we can convert it 
further into years: 


6.9 x 100 s x 


1 yr 


7.99 x 10? days x 365.25 days 


= 2.2 x 10° years 


You Try It! 

A sample of curium-243 was produced for transport to a lab. When it was 
first produced, the activity of the sample was measured at 3012 dps 
(disintegrations per second). After 1.00 year, the lab needed to use the 
sample. The lead scientist measured the activity as 2921 dps. What is the 
half-life of curium-243? 


Answer: 22.6 years 


Radioactive Isotope Dating 


Because radioactive isotopes seem to decay at very constant rates, they can 
be used as “clocks.” One of the first radioactive dating techniques involved 
the use of the radioisotope carbon-14. Carbon-14 is produced in the upper 
atmosphere when neutrons (produced by cosmic rays from space) collide 
with nitrogen-14 molecules in the reaction shown below: 


14 1 14 1 
;N t+ on — C+ H 


Carbon- 14 incorporates into molecules just as Carbon-12 (ordinary carbon), 
including CO, gas. This carbon dioxide becomes incorporated into plants 
(and subsequently animals). It is assumed that the ratio of C-14 to C-12 
within an organism is similar to the ratio in the atmosphere, about 1:10? (it 
is believed to have been at this ratio for about 50,000 years). When a living 
organism dies, carbon no longer cycles into or out of it. Since Carbon-12 
does not decay and Carbon-14 does, the change in ratio of C-12 to C-14 can 
be used to estimate the time of death of living organisms. There are other 
radioisotopes that are used for radioactive dating that include inorganic 
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compounds in nonliving things, but the mechanisms for obtaining dates are 
similar. We will only examine C-14 dating. 

The carbon-14 atom has a half-life of 5730 years and decays at a rate of 
15.3 disintegrations per minute per gram of total carbon in living organisms. 
What this tells us is that if an organisms dies, the carbon- 14 in it will decay 
at a rate of 15.3 disintegrations per minute per gram. As more carbon-14 
decays, this rate will decrease. After one half-life has elapsed (5730 years), 
only half of the original C-14 will be left. This means that the total decay 
rate will be 7.65 disintegrations/minute/gram. After two half-lives, the 
disintegration will have dropped to 3.825, etc. Let’s see how this informa- 
tion can be used to determine the date of an object. 


Sample: How oldis a piece of ancient wood that is giving off beta emissions 
from carbon-14 at the rate of 1.9 disintegrations/minute/gram? 


Answer: We know that the rate of disintegrations is proportional to the 
number of nuclei. Therefore, we can substitute the activity for the N values 
in equation 4.6: 


N, 0.693 N, 0.693 
n s = -kt, substituting k = К we obtain LE = – E t 
1.9dis / min / g 0.693 
In 153dis/ min/g ^^ ty 
йу» 1.9415 / min / g 5730y  l9dis/min/g 


t= 214 x10*y 


~ 0,693 1" 15.3dis / min/ g ^ / ^^ 0,693 ” 15.3dis/ min / g 


This object is about 17, 000 years old (rounded for significant digits). 


You Try It! 
A wooden artifact found in a mummy's tomb is found to have 9.4 disinte- 
grations/min/g. How old is the artifact? 


Answer: 4030 years old (rounded) 


Transuranium Elements 


In almost all of the previous examples, we have looked at nuclear reactions 
that occur by spontaneous decay. There are other types of nuclear reactions 
that can occur, known as transmutation reactions. These reactions can be 
induced by forcing a reaction between the nucleus of an element and nuclear 
particles (such as neutrons), or nuclei. Ernest Rutherford carried out the first 
transmutation by bombarding Nitrogen-14 nuclei with alpha particles. This 
resulted in the production of oxygen-17 and a proton, as shown below: 


14 4 17 1 
М +,He > ,0+,H 


This process has been used to produce countless isotopes, including many 
radioactive isotopes. In addition, it has allowed scientists to produce 
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(Equation 4.8) 
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elements with atomic numbers that are higher than that of the largest 
naturally occurring element, uranium. These elements are known as 
transuranium elements. In 1940, E. M. McMillan and P.H. Abelson of the 
University of California Berkeley produced the first transuranium element, 
neptunium (Np, Z=93), by bombarding uranium-238 with neutrons. The 
nuclei that captured the neutrons were converted to uranium-239, which 
decayed into neptunium-239 during a beta emission. The reaction is shown 
below: 


Step 1: 2280 +n 273U 


Step 2: 2U —>?8Np+ e 


NUCLEAR REACTIONS 
Energy Relationships 


Nuclear decay allows a nucleus to form products with lower energy. 
However, according to Albert Einstein's famous equation E = mc’, any 
change in energy must be accompanied by a corresponding change in mass. 
In chemical reactions, this change in mass is negligible (though it does 
occur), but it is much more pronounced in nuclear reactions. If E changes 
by a certain amount, AE, then mass will have to change proportionally by an 
amount Am (c being constant at all times). Thus, 


AE = (Am)c? 


If we examine a specific reaction, we can see how this works. Take for 
instance, 


238 234 4 
92U > ^gglh + Не 
The masses of each of the particles in the equation are 


23807 = 238.0003 g тої", ?3 Th = 233.9942 g mol", 


and 3 He = 4.00150 g mol" 


The change in mass can be determined by subtracting the mass of the 
reactant (parent nuclei—in this case, uranium-238), from the combined 
masses of the products. 


Am = (233.9942 g + 4.00150 g) — 238.0003 g = -0.0046 g 


To determine the energy change, we can now use Einstein’s equation and 
solve for AE. Before we can do this, we must convert the mass to kilograms 
(because the energy unit of joules requires the mass in kilograms). 


AE = -4.6 x 10° kg(3.0 x 108 m/s)? = -4.14 x 10! J 


This is an enormous amount of energy! 
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You will not be expected to perform these calculations on the AP exam, 
but you should appreciate from a conceptual level that there is an enormous 
amount of energy released during nuclear reactions. In addition, you should 
understand that the amount of energy released in nuclear reactions is much 
larger than that released in chemical reactions. The main reason is that 
during chemical reactions, the only energy released during a reaction will 
result from electrostatic forces between the protons and electrons in the 
atom. During nuclear reactions, the energy result is dependent on the 
energies associated with the strong nuclear force, which is many orders of 
magnitude larger than electrostatic forces. On the atomic level, we can see 
the effects of these strong nuclear forces when we look at the phenomena of 
binding energies and mass defect. 


Binding Energy 
It turns out that the mass of an individual atom is always less than the sum 
of its parts. That is, if you add up the masses of all the components of an 
atom, you will not get the total mass of the atom. As an example, let's look 
at oxygen-16. 

Oxygen-16 contains 8 protons and 8 neutrons. Therefore, we would 
expect the mass to equal 


mass of 8 protons + mass of 8 neutrons = total mass 
8(1.0078252 amu) + 8(1.0086652 amu) = 16.1319232 amu 
However, the actual mass of oxygen-16 is 15.9949150 amu 


So, what happened to the 0.1370082 amu that should have been present? 
It turns out that when the neutrons and protons come together to form the 
nucleus, they form a more stable entity. This means that energy is released. 
When that energy is released, there must be a corresponding loss of mass. 
The more energy that is released, the more stable the nucleus is. In order to 
break apart a nucleus, you would have to add that much energy. The amount 
of energy you must add to break a nucleus into its constituent neutrons and 
protons is known as the binding energy. The difference in mass between 
the expected and actual masses is known as the mass defect. 

Itis not necessary to be able to perform these calculations for the AP exam. 
However, it is very important that you understand the underlying idea that 
large amounts of energy are released when atomic nuclei are broken apart. 
It is also important to understand that the difference in mass between the 
components of a nucleus and the actual mass of the nucleus can be accounted 
for by a change in the energy state of those components. The nature of that 


relationship is captured in Einstein's equation E = mc?. 
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Nuclear Fission 
We have seen so far that the process of heavy nuclei splitting apart (Known 
as fission) is highly exothermic. In addition, the joining of lighter nuclei 
(known as fusion) is also a highly exothermic process. Fission is typically 
accomplished by bombarding heavy nuclei with slow-moving neutrons. 
Once the neutron is absorbed, the resulting unstable nucleus breaks into 
smaller nuclei. One of the most well known fissions involves the splitting 
of uranium-235, shown in the reaction below: 
"SU + in ' Ва + Kr + 3jn 

The neutrons produced by this fission reaction can potentially collide with 
other U-235 nuclei. The likelihood of the extra neutrons striking other 
nuclei increases as the mass of the sample increases. At a characteristic 
mass, the neutrons are assured to collide with U-235 nuclei, and as a result, 
achain reaction begins. In this chain reaction, the neutrons from one fission 
will strike other nuclei and cause additional fission reactions. The mass at 
which a self-sustaining chain reaction will occur is known as the critical 
mass. Fission reactions are responsible for the production of nuclear power 
and for the design of nuclear weapons. 


Nuclear Fusion 

In a fusion reaction, light nuclei will combine to form heavier ones. While 
this process is quite commonplace on stars (including our sun), it is very 
difficult to accomplish in a laboratory setting. In order to fuse nuclei (such 
as hydrogen), extremely high temperatures are necessary (around 100 
million degrees Celsius) to overcome the repulsive forces between nuclei. 
These temperatures are very difficultto achieve and to maintain long enough 
to achieve the reaction. 
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Summary: 
Nuclear Chemistry 


Atomic nuclei are composed of neutrons and protons. 


Foreach nuclei, there are some isotopes that are more stable than others. 
The stability of each nucleus is determined by the ratio of neutrons to 
protons. The belt of stability can be used to estimate the stability of any 
given nucleus. 


To gain stability, neutrons undergo decay reactions: alpha emission, 
beta emission, positron emission, and electron capture are possible. 


Although it is not possible to predict when a single decay will occur, the 
overall rate of decay for any isotope is relatively consistent. 


The rate of decay can be used to determine the half-life of an isotope; that 
is the time during which one half of a radioactive sample is converted 
into a different material. 


The half-lives of certain materials, like carbon-14, can be used to 
determine the ages of artifacts. 


The sum of the masses of the individual components of an atom is 
greater than the actual mass of the atom. This is due to the mass that is 
converted into energy as the nucleons bind together. 


Nuclear fission is a process whereby unstable nuclei are bombarded by 
neutrons in order to split them into smaller nuclei. 


Nuclear fusion is a process where small nuclei are forced together with 
an extremely large amount of energy in an effort to join them into a 
larger nucleus. 
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REVIEW QUESTIONS 


For questions 1—5, determine the missing information. 


1. 


225 225 
. “gg Rago Ac + 


"heats Ra+ The mechanism of this reaction is 


(A) alpha decay. 

(B) beta decay. 

(C) positron emission. 
(D) electron capture. 


(E) gamma photon emission. 


. a Си Se + If copper-29 undergoes a positron emission, what is 


the resulting product nuclide? 
(А) Ср 
(В) Ni 
© О 


А p Ac e + The missing product in the following equation is 


(A) "Th 
(B) Z Ac 
(С) 27а 
(D) ^2Fr 
(E) B Ac 


А а Ge+ fe > What will the resulting product be when an electron is 


captured by a germanium-68 nucleus? 
(А) S As 
(B) $Ge 
(С) $Ge 
(D) $Ga 
(E) Bse 


What is the missing product in this reaction? 


(A) De 
(B) e 
(O iHe 
(D) oY 


(B) on 


10. 
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. If you begin with 300.0 g of a sample of a radioisotope and have 37.5 g 


remaining after a period of 90 minutes, what is the half-life of the radioiso- 
tope? 

(A) 90 minutes 

(B) 60 minutes 

(C) 30 minutes 

(D) 45 minutes 

(E) 3.4 minutes 


. Carbon-14 has a half-life of 5730 years. If you find a sample giving off 0.96 


disintegrations/minute/gram, what is the age of the sample? (Originally the 
Carbon-14 gave off 15.3 disintegrations/minute/gram.) 


(A) 2.9 x 10* years 
(B) 2.3 x 10* years 
(C) 1.7 x 10* years 
(D) 9.9 x 10? years 
(E) 2.9 x 10? years 


. Strontium-90 is a radioactive isotope that was created by atomic weapons 


testing during World War II. The half-life of strontium 90 is 28.8 years. The 
first atomic weapons test took place in New Mexico on July 16, 1945. What 
fraction of the original strontium-90 remained in the desert on July 16, 2000? 


(A) 77 96 
(B) 50% 
(C) 2796 
(D) 25% 
(E) 12.5% 


. Forthe types of radiation given, which of the following is the correct order of 


increasing penetrability? 

(A) Gamma rays « alpha particles « beta particles 
(B) Beta particles « alpha particles « gamma rays 
(C) Beta particles « gamma rays « alpha particles 
(D) Alpha particles « gamma rays « beta particles 


(E) Alpha particles « beta particles « gamma rays 


If 87.5 percent of a sample of pure ?Rh decays in 48 days, what is the half- 
life of "Rh? 


(A) 6 days 
(B) 8 days 
(C) 12 days 
(D) 16 days 
(E) 24 days 
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19 


gF occurs by the process of 


11. The radioactive decay of no to 
(A) beta particle emission. 
(B) alpha particle emission. 
(C) positron emission. 
(D) electron capture. 


(E) neutron capture. 


12. The first part of the decay series of p Pu involves three alpha emissions 
followed by two beta emissions. What nuclide has been formed at this 
intermediate stage of the decay series? 


(А) 28 Ra 

(В) Ка 

(С) 228 Ac 

(D) ^ Th 

(Е) ^2 Th 
Essay 1 


The most common and stable form of oxygen is p accounting for about 
99.896 of all oxygen. Two of the many unstable isotopes of oxygen are р, 
апа 2 О. Each of these undergoes a radioactive decay, but the end products 
are different from each. 
(A) Identify the type of radioactive decay that oxygen-14 will undergo, 
and write a balanced nuclear equation for the process. 


(B) Identify the type of radioactive decay that oxygen-21 will undergo, 
and write a balanced nuclear equation for the process. 


(C) The decay of oxygen-21 is also accompanied by gamma ray emis- 
sions. Explain why it is not necessary to include this in the nuclear 
equation. 


(D) The most stable form of oxygen, p , has an atomic weight of 15.99. 
However, adding the weights of its components (8 protons and 8 
neutrons) gives a weight of 16.13. Account for this discrepancy 
between the predicted and actual weights. 


Essay 2 


(A) Explain why beta particles are more potentially harmful to skin than 
alpha particles. 


(B) Explain why carbon dating is not a very useful technique for deter- 
mining the age of objects that were never alive. 


(C) It has been proposed by some that transuranium elements, like 
Neptunium and Plutonium, were once present on earth in fairly 
significant quantities. Explain why they are not found today. 


(D) Fusion offers great promise as a clean, renewable energy source. 
However, for all of its promise, there are tremendous obstacles to be 
overcome before its use becomes possible. Explain why fusion is so 
much more difficult to accomplish than fission, a process already in 
widespread use for energy production. 
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ANSWERS 


1. The correct answer is (A). You can tell that this is an alpha decay by the 
decrease of 4 in the mass number and 2 in the atomic number. 


2. Thecorrect answer is (B). Remember, positrons are formed from the conver- 
sion of a proton to a neutron and a positron. This will cause the atomic number 
to decrease by one but the mass number to remain unchanged. 


3. The correct answer is (A). Beta emissions are the result of a neutron 
converting to a proton and an electron. The formation of the proton causes an 
increase in atomic number, but the mass number remains unchanged. 


4. The correct answer is (D). The captured electron combines with a proton to 
form a neutron. This causes a decrease in the atomic number but no change in 
the mass number. 


5. Thecorrect answer is (B). Beta decay is the only decay that causes an increase 
in the atomic number. 

6. Thecorrect answer is (C). You can answer this conceptually or mathemati- 
cally. Conceptually, try to determine if the number of half-lives is a whole 
number. Begin by successively dividing the sample in half. Half of 300 g is 
150 g. Half of 150 gis 75 g. Half of 75 g is 37.5 g. Therefore, after 3 half- 
lives, the sample has decayed to its present amount. If 3 half-lives elapse in 
90 minutes, each one must be 30 minutes. Mathematically, the problem is 


В А N, 7 .693 | 
solved by using the equation In y; = -kr; substituting k = — =з , we obtain 


0.69. 


In Ж = – е t. Solving the equation for f,,, results in 30 minutes. 

7. Thecorrect answeris (B). Youcan solve the problem conceptually, beginning 
with a quick determination of the number of half-lives. Successive divisions 
of the disintegrations will determine the approximate number of half-lives: 
15.3+ 227.654 223.825» 221.9125 + 22 0.95625. This is approximately 
0.96, so about 4 half-lives have elapsed. Multiplying 5730 by 4 yields 22,920— 


which rounds to 2.3 x 10* years. The mathematical solution involves the 


. N, . -— 0.693 : N, _ 0693 
equation Iny = —kt; substituting k = |", we obtain Iny = – 7 
Substituting the data into the equation, we see that In uS S pes ) =2.3 х 10* 
years. 


8. Thecorrect answer is (C). A quick inspection of the problem will tell you that 
the number of half-lives that have elapsed is not a whole number. Fifty-five 
years will have elapsed since July 16, 1945; however, two half-lives is equal to 
57.6 years. Given the five choices, one answer is obviously correct, even 
without doing any calculations. Iftwo half-lives had elapsed, the sample would 
be 2596 of the original amount. Since the time elapsed is just shy of two half- 
lives, we would expect there to be slightly more than 25% of the original sample 
left. Therefore, 27% is the obvious answer. Mathematically, the problem can 
be solved using the following equation: Fraction remaining = (1/2)n. The value 
of n can be calculated by dividing the time elapsed by the half-life : 55 years 
+28.8 years = 1.91. This can be substituted for n, so that the fraction remaining 
= (1/2)?! = 26.6, which rounds to 27%. 
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9. 


10. 


11. 


12. 


The correct answer is (E). Alpha particles are the least penetrating particle 
because they have the greatest mass and the lowest velocity. Beta particles, 
being much smaller than alpha particles, travel much more quickly and meet 
less resistance due to their size, but they do encounter some resistance due to 
theircharge. Gammarays are the most penetrating since they have neither mass 
nor charge and travel at near light speed. 


The correct answer is (D). Conceptually, you can see that 87.5 percent has 
decayed, which is the same as saying there is 12.596 remaining. You should 
recognize that 12.5% is one half of 2596, which is one half of 50%, which is one 
half of 100%. Thus, 3 half-lives have elapsed during the 48-day interval. 


Dividing the total time by the number of half-lives yields 16 days. Mathemati- 
cally, use the equation In i =- PS t. Substituting the given information, you 
get In 0.125 = s . Solving for ¢,, yields 16 days. 

The correct answer is (A). Beta decay is the only process that will increase the 
atomic number. 


The correct answer is (E). The portion of the decay series described in the 
problem consists of the following reactions: 


20 Ри—>2Не + mU (о-десау) 


236 


4 232 
92 U—,He + 


gg lh (a-decay) 


7 Th5He + B (a-decay) 


25 Ra 9e + Ас (B-decay) 


p Ac Se + Th (B-decay) 


Essay 1 


(A) Stable oxygen has an atomic weight of about 16 amu. Oxygen-14 has 
too few neutrons and so will need to increase the number of neutrons. 
This can occur by positron emission or electron capture. Positron 
emission is much more likely. 

14 0,414 

gO>,,;e+ ;N 
Alternative solution: 

14 0. l4 

6О+ е ;N 
Oxygen-21 has too many neutrons, so it will need to lose some. By 
undergoing beta emission, oxygen-21 can convert the neutrons to 
protons in the following reaction: 
21 0, 21 

gO>_je+ oF 
(C) Since gamma rays do not affect the chemical nature of the reactants or 

products, it is not necessary to include them. 


(B 


— 


(D) The difference in masses, known as the mass defect, is due to the 
conversion of mass that accompanies the formation of the nucleus. 
That is, the energy that is released as the more stable nucleus is 
formed by a conversion of mass according to the equation AE = c?Am. 


Essay 2 
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(A) Beta particles are much smaller and travel much faster than alpha 


(B) 


(C) 


particles. They are about 100 times more penetrating than alpha 
particles and are more difficult to stop. 


Carbon dating relies on the ratio of carbon-14 to carbon-12 in 
organisms. Carbon-14, produced mostly in the atmosphere, is 
incorporated into living organisms through carbon dioxide formed 
from the radioactive isotope. When the organism dies, no more 
exchange of gases will take place, so at the time of death, the quantity 
of carbon-14 is fixed. If an organism was never a living organism, it is 
much less likely to (A) contain carbon, and (B) even if it does have 
carbon, it is much less likely to have incorporated the radioactive 
carbon dioxide. 


These elements are not present today because they have undergone 
decay into smaller elements. Over time, all larger radioactive ele- 
ments will eventually decay into smaller, more stable elements. 


(D) The very large repulsive force between nuclei must be overcome in 


order to allow fusion to occur. This requires enormous amounts of 
energy. Fission, on the other hand, requires much less energy because 
it is breaking apart already unstable nuclei. 
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Chapter 


Chemical Bonding 


In this chapter, you will review the basic principles of chemical bonding. 
The underlying theme to remember as you go through this chapter is that 
chemical bonds form for a reason. Their formation is neither disorganized 
nor haphazard. Chemical bonds allow atoms to exist at lower energy states 
that are more stable. The main types of bonds fall into three categories: ionic, 
covalent, and metallic. Whether an atom will form ionic or covalent bonds 
depends on a variety of factors, the most important being its current electron 
configuration and the strength of the attractive force between the protons in 
the nucleus and the electrons. We will refer back to material from Chapter 
3 (Atomic Structure) as we discuss these relationships. These same atomic 
properties will also determine more complex behavior, including the physi- 
cal properties of ionic and covalent compounds, the shapes of the structures 
formed, and the attractive forces that will exist between the compounds. 
This chapter is going to focus on basic bonding principles and intermolecu- 
larforces (attractions orrepulsions that occur between covalent or molecular 
compounds). Chapters 6, 7, and 8 will deal with the other topics. 

The first thing we need to look at is the stability of the atom. Let's begin 
this by reviewing some details about electron configurations. 


LEWIS SYMBOLS 


The electrons that are responsible for the formation of chemical bonds are 
the outermost electrons in an atom, also known as the valence electrons. 
During our present discussion, we are going to limit ourselves to the 
representative elements. Later in the chapter we will take on the much more 
challenging transition elements. For the representative elements, the outer- 
most electrons are found in the s and p orbitals. G. N. Lewis devised a clever 
method for diagrammatically representing the valence electrons in an atom. 
His system uses the symbol of the element, around which dots are placed in 
symmetrical patterns. These dots can be used to better understand the 
transfer or sharing of electrons in bond formation. These structures, known 
as electron-dot structures, or Lewis-dot structures, are shown in Table 5.1. 
The table shows the dot structures for the eight groups, or families, of 
representative elements. All dot structures down a group in the periodic table 
are the same, with the exception of He, which only has two electrons. So 
although it is in group 8A, helium would have a dot structure identical to the 
group 2A elements. 
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Table 5.1 Details about the valence electrons for the Period 2 
elements. The data in each column is applicable to all 
representative elements on the periodic table (except He, which will 
have the same information as group 2A elements). 


Outer shell Lewis Structure 
Group Valence electron (Period 2) 
number electrons configuration all periods are the same 
1A 1 5! Li Li 
2A 2 s? Be Be 
3A 3 52р! B -B 
ДА 4 52р? C C 
5А 5 sp? NN 
6A 6 52р O :O 
7А 7 sry? F :F 
8A 8 5°р° Ме ‘Ne 


Although the dot structures are shown with a particular orientation and 
placement of dots, there is some flexibility to dot placement. The only rule 
that governs the placement of dots is that no more than 2 dots can be 
placed next to each other in a symbol (remember two electrons per orbital). 
There are some situations, for example, in which oxygen would be 
drawn with the symbol “5.” or even “Су.” The placement of dots will 
become more apparent when you begin making Lewis structures of mol- 
ecules. Notice from the chart above that the number of dots (and therefore 
the number of electrons) is equal to the group number of the element. As we 
begin to discuss bonding, we will use dot structures to follow the movement 
of electrons. 


OCTET RULE 


The noble gases have a very stable structure. The reason for this, if you 
remember from Chapter 3, is that their full outer s and p orbitals provide the 
highest effective nuclearcharge, which means a very tight hold on electrons. 
Ionization energies for the noble gases are the highest of any group. A closer 
look at groups ІА and 7A will also help to see the stability of the noble gases. 
Removal of an outer electron from a noble gas creates an element with an 
electron configuration of a group 7A element. The high electron affinities 
of the elements in these groups are evidence that these elements have a very 
great attraction for nearby electrons. A noble gas with the same electron 
configuration as a group 7A element would have an even greater attraction 
for electrons because of the extra proton in the nucleus. Because of this, any 
electron that is removed from a noble gas would be rapidly replaced from a 
surrounding atom. 

Consider the opposite case, the addition of an electron. Adding an electron 
to a noble gas would mean adding an electron to a higher energy level 
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(remember that s and p sublevels are filled in the noble gas configuration). 
This lone electron would have a similar configuration to a Group IA 
element; however, the atom would have a lower effective nuclear charge 
(because it will have one less proton than the corresponding Group 1A 
element). As aresult, this outer electron would be very loosely bound to the 
atom and would be rapidly stripped away. Because the noble gas electron 
configuration is so stable, atoms tend to react in ways that will allow them 
to achieve this noble gas configuration. In order to achieve this number of 
electrons, atoms will gain, lose, or share electrons. And because noble gases 
have eight valence electrons, this pattern of reacting is called the octet rule. 

Whether atoms gain, lose, or share electrons is determined by a number of 
factors, the main one being how tightly they hold on to their electrons. Think 
of it this way: the more tightly bound an electron is, the less likely it is to be 
taken away from an atom. Conversely, the less tightly bound an electron is, 
the more likely that electron is to be taken away. Itis important to remember, 
however, that electrons don't just fall off or jump on to atoms in a vacuum— 
they have to come from somewhere and they must go somewhere. When we 
say that a sodium atom loses an electron, what must also be understood is that 
some other atom took that electron away from sodium. And, at an even 
deeper level, that other atom must have a pretty strong attraction for 
electrons (electron affinity or electronegativity) to be able to do that. Before 
we get into the more technical descriptions of ionic and covalent bonding, 
however, let's try to get a handle on the main ideas. 

If one atom has a very weak attraction for its valence electron(s) (e.g., 
sodium, Na), and another atom has a very strong attraction for its valence 
electrons (e.g., fluorine, F), then the weakly held electron is likely to be 
stripped away from the first atom by the second atom (fluorine will strip 
sodium's valence electron). This will usually result in the formation of an 
ionic bond. If an atom with a weak attraction for its valence electron(s) (e.g., 
sodium, Na) is around another atom that also has a weak attraction on its 
valence electron(s) (e.g., Mg), then neither has enough attractive force to 
take the other's valence electron away. This means that under normal 
circumstances, these atoms won't react. But if both atoms have strong 
attractions for electrons, they will attract each other's electrons. The result 
of this type of atomic tug-of-war generally is that the two atoms will hold on 
to each other and share electrons. This type of interaction is the basis for a 
covalent (or molecular) bond. 


IONIC BONDS 


Ionic bonds are formed by electrostatic attractions between oppositely 
charged ions. These ions are formed when atoms of low ionization energy 
(weak attraction for valence electrons) lose one or more electrons to atoms 
with high electron affinity (strong attraction for electrons). At this point, we 
can use the octet rule to guide us through the process. 

Let's begin with a very typical and simple example—the formation of 
sodium chloride (NaCl), ordinary table salt. Sodium is a group 1A element 
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with one valence electron. The electron configuration of sodium is 
15?25?2p63s!. The outermost electron in the 3s orbital is weakly held. 
Chlorine, a group 7A element (halogen), has seven valence electrons. The 
electron configuration for chlorine 15 15225?2p635?3p?. The outermost elec- 
trons in the 3p orbitals are tightly held. Now, remember that the noble gas 
electron configuration, 52р, is the most stable electron configuration. 
Careful examination of the electron configurations for sodium and chlorine 
will show that the loss of one electron by sodium will result in this 
configuration, and the gain of one electron by chlorine will also result in this 
configuration. Sodium will become isoelectronic (have the same electron 
configuration) to neon, while chlorine will become isoelectronic to argon. 


Sodium: 15?25?2p935! - electron > 1522522р® = stable, octet 
Chlorine: 15225?2p935?3p? + electron > 15?25?2p635?3p* = stable, octet 


Using dot structures to represent this equation, the reaction looks like this: 


Na Xd: — Na + [:&:] 

The simple transfer of an electron does not explain why the two atoms 
(now ions) bind together. To explain this, we need to look atthe electrostatic 
interaction between the particles. Sodium, upon losing its electron, becomes 
a cation, or positively charged ion. Chlorine, upon gaining an electron, 
becomes an anion, or negatively charged ion. When the ions form, the result 
is that a negatively charged ion is nextto a positively charged ion. These two 
oppositely charged particles will attract each other, providing the basis for 
the bond between the two ions. This example was convenient because 
sodium only needed to lose one electron to form an octet and chlorine only 
needed to gain one. This made for a perfect one-to-one transfer. However, 
a similar process can be used for other atoms that are less convenient. For 
example, take magnesium and chlorine. Magnesium, with a configuration 
[Ne]3s?, must lose two electrons to become isoelectronic to neon. Chlorine, 
as you saw in the last example, only needs one electron. So, if magnesium 
is stripped of one electron by a chlorine atom, what becomes of its other 
electron? As we see in the example below, it can be stripped by another 
chlorine atom. This results in a compound composed of one magnesium ion 
and two chloride ions. 


а^ 


Mg dis 


à: > Гамета] 
The same pattern is followed when other combinations of ions produce 
larger compounds, like AICI.. 


Properties of lonic Compounds 


We saw in the previous examples that the ions are held together by 
electrostatic attractions. What you have to remember is that positively 
charged particles attract any negatively charged particles—they are not 
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specific. Likewise, negatively charged particles will attract any positively 
charged particles. As a result, when the sodium ion binds to the chloride ion, 
it will also bind to any other chloride ion in the vicinity. The chloride ions 
bind to the sodium ions in the vicinity. As a result, the ions begin sticking 
together in larger clusters, which we know as crystals. These crystals, 
composed of clusters of ions, are known as salts. In a salt, you won't find a 
single cation or anion, but rather large groupings of each. However, as you 
saw in the previous example of sodium chloride, the groupings of sodium 
and chlorine occur in one-to-one ratios (because of the octet rule). What this 
tells you in terms of crystalline structure is that while a sodium chloride 
crystal may contain vast numbers of sodium and chloride ions, they will be 
found in a 1:1 ratio. The resulting structures are known as a crystalline 
lattice: 


9 ДЕД Qj Qj SA Q @ Sodium ion 
e Хех ox О, OX € Q Chloride ion 
Q.O 0.0 9.9 
9 Хех Qj О, О, О 

9 хеде Хеу C Xe 


ФӘ _ 
о? О Y Y QQOQ 
(two-dimensional view) 

Inthe solid state, these substances are unable to conduct electricity (which 
requires a flow of electrons). This is only possible when these compounds 
are in the molten state or when they are dissolved in solution. The packing 
of the ions leads to crystalline structures. The relatively strong forces 
holding the ions together also give most of these structures high melting and 
boiling temperatures. The strength of the attractive force holding the ions 
together into the crystalline lattice is measured by the lattice energy, or the 
energy required to separate a mole of a solid ionic compound into its 
constituent gaseous ions. The larger the lattice energy, the stronger the 
attraction between the ions. 


Transition Metals 


Transition metals do not follow the octet rule simply because their outer 
electron structures involve both s and d orbitals. The transition metals form 
cations, so they are all losing electrons. The typical pattern for the loss of 
electrons in these elements 1s for the first electron(s) to come out of the s 
orbital and then for all remaining electrons to come out of the d orbitals. In 
addition, most of the transition metals can form more than one type of ion. 
Anexample would be copper, which can form ions of either 1* or 2* charge. 
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COVALENT BONDS 


Remember, in ionic bonding, electrons from one atom are stripped away by 
electrons of another atom. This requires a large difference in the amount of 
attraction each atom has for its own electrons—one has to have a very strong 
attraction and the other a relatively weak attraction. Typically, ionic bonds 
form between metals and nonmetals. However, when both atoms have 
relatively strong attractions for electrons, neither atom can strip electrons 
away from the other. Instead, the electrons from one atom are attracted to the 
other and vice-versa. The orbitals of each atom will actually overlap, and the 
electrons will be “shared” between the atoms. This process will be described 
in much greater detail in Chapter 6. 

There are two main ways that these electrons can be shared, and these will 
determine the characteristics of each molecule formed. Each of these two 
ways can be described by way of an analogy between sharing electrons and 
a tug-of-war game. The first type of sharing involves an equal sharing of 
electrons between atoms. That is, one atom attracts the other atom electrons 
with the same amount of force that the other atom attracts its electrons. In 
the tug-of-war analogy, this would be equivalent to having two evenly 
matched teams. Each side is pulling on the rope with the same amount of 
force, and as a result, the teams are bound together, but there is no movement 
in either direction. This type of sharing produces what are known as 
nonpolar covalent bonds. O,, N,, and Cl, are examples of these compounds. 

The second type of sharing is where one team has a strength advantage 
over the other, and the rope begins moving toward that team. If the team has 
aslightadvantage over the other, there will be aslight movement ofthe rope. 
Ifithas a large advantage, there will be a large movement of one team toward 
the other. In the case of covalent bonding, the factor that gives one team an 
advantage over the other is the electronegativities of each atom. Recall from 
Chapter 3 that electronegativity is the measure of the strength of the 
attraction an atom will have for the electrons of another atom during a 
chemical reaction. This means that compounds with high electronegativities 
will have strong attractions for electrons, and those with low electronega- 
tivities will have weak attractions. 

If we look at our first example of the diatomic elements, O,, N,, and CL, 
the electronegativities of each atom are the same (since they are the same 
element). We can look at methane gas, СН,, to see an example of a weak 
attraction. The electronegativity for hydrogen is 2.1, and for carbon it is 2.5. 
The difference between carbon and hydrogen is relatively small; therefore 
the carbon atom will have only a slightly stronger attraction for hydrogen's 
electrons than hydrogen will have for carbon's. This uneven sharing of 
electrons is known as polarity. Hydrogen is slightly positive and carbon is 
slightly negative. If we look at the case of water, we see a much greater 
difference in electronegativities. Oxygen has an electronegativity of 3.5, 
which is much larger than hydrogen's 2.1. Consequently, water is a much 
more polar molecule than methane. So, polarity varies according to differ- 
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ences in electronegativities. On one end of the spectrum, there are nonpolar 
molecules with no difference in electronegativities between atoms. As the 
difference in electronegativities becomes greater, so does the polarity, the 
electrons are pulled more toward the atom with the higher electronegativity. 
Finally, if the difference in electronegativity between atoms becomes great 
enough, one atom simply removes the electron from the other, resulting in 
the formation of an ionic bond. 


Polarity 


In the last section, we learned how polar covalent bonds are formed. Let's 
look at an example and learn more of the consequences of forming these 
bonds. When two atoms share electrons unequally, they create whatis called 
adipole. A dipole isa molecule that has a slightly positive end anda slightly 
negative end. When two atoms form a polar covalent bond, the more 
electronegative element acquires a higher electron density. The less elec- 
tronegative element acquires a lower electron density. This unequal distri- 
bution of the electrons causes one atom (the more highly electronegative) to 
acquire a partial negative charge while the other atom acquires a partial 
positive charge. It is not a full negative or positive charge because the 
electrons are not completely transferred from one atom to the other. A very 
common example of a polar covalent bond is seen in the water molecule. The 
highly electronegative oxygen atom attracts the hydrogen atom's electrons 
much more than the moderately electronegative hydrogen can attract 
oxygen’s. As a result, we see a partial negative charge on the oxygen atom 
and a partial positive charge on the hydrogen atoms. Because of these polar 
bonds, the water molecule is said to be a polar molecule. 


ò` ò = partial charge 
H 
òt òt 


Metallic Bonds 


In metals, the typical structure has numerous free-floating valence electrons 
that surround positively charged metal ions. Since the electrons are free to 
flow, metals are good conductors of electricity. The atoms in a metal are not 
tightly bound together (as they are in a salt). Instead they are free to move 
past one another, which gives metals the property of malleability (able to be 
shaped) and ductility (ableto be drawn into thin wire). Ionic salts do not have 
these properties and will shatter if they are hammered or pulled. 


USING LEWIS STRUCTURES TO 
DETERMINE MOLECULAR BONDING 


In order to fully appreciate and understand molecular structure, you will 
need to be able to construct representations of various molecules. One of the 
easiest ways to do this is using Lewis structures. The procedure is a bit more 


NOTE 
The lowercase 
Greek letter delta 
(6) is used to 
represent a partial 
charge. 
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complicated than for ionic compounds because ofthe increasing complexity 
of covalent compounds. The basic procedure for constructing Lewis dia- 
grams of molecules consists of 4 steps: 


LS 


Determine the total number of valence electrons for the entire molecule. For 
elements, use the group number from the periodic table. In the event that you 
have charged components (like polyatomic ions) in the molecule, add one 
electron for every negative charge on the ion (e.g., for SO,”, add two electrons 
to the total because the ion has two more negative charges than a neutral 
species). For any positively charged components, subtract one electron from 
the total for each positive charge (e.g., for NH*, subtract one electron from the 
total since it is going to be taking one away from the total). In this step, it doesn't 
matter where the electrons are coming from, just that you know the total. 


Write a skeleton structure of the molecule. For this step, you will need to write 
the symbols for each atom in the molecule and connect each using a pair of dots 
or a dash. This is one of the more difficult steps since you are not told directly 
which atom is attached to which. In general, the chemical formula is written in 
the same order that the elements are connected in the molecule. When multiple 
atoms are connected to the same atom, the central atom is usually written first 
(e.g., in the ССІ 4 molecule, the carbon is the central atom and the four chlorine 
atoms are bonded around it). Very often, the central atom is the least electrone- 
gative element. 


Make octets around all surrounding atoms (not the central atom). Use the octet 
rule to fill in all 8 dots on all atoms surrounding the central atom (the one 
exception being hydrogen, which should only have two). 


Put the rest of the electrons on the central atom. The remaining number of 
electrons is the total number (from step 1) minus the number you placed on the 
surrounding atoms in step 3. If you don't have enough electrons, you will need 
to determine if double or triple bonds are present. If you have too many 
electrons on the central atom, don't worry about it. You will see later in the 
chapter why this is possible. 


Sample: Draw a Lewis structure for the molecule CF, carbon tetrafluoride. 


1. 


Count the total valence electrons. Carbon has 4 and each fluorine has 7, for a 
total of 4 + (7 x 4) = 32 


A skeleton structure will place the carbon as the central atom and with each 
fluorine atom around it. This formation is chosen because carbon appears first 
and is the least electronegative element. 


After completing the octets for each fluorine atom, all 32 electrons have been 
used. Therefore, you're done. 
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You Try It! 
Draw a Lewis structure for the molecule PCI. 


s dj 

Я Cl: 
Answer: Ci TE 
Sample: Draw a Lewis structure for H,CO. 


1. The total number of valence electrons is 12. Each hydrogen has 1, the carbon 
has 4, and the oxygen has 6. (2х 1) +4+6 = 12 


2. This skeleton is a little more difficult, but you will discover that in carbon 
compounds, the carbon is usually the central element. Therefore, the skeleton 


diagram will look like: 
H 
E | 
H:C:O or H—C—O 
3. Complete the valence shells (remember, only 2 electrons total for hydrogen, so 
it won't get any more). 
H 
Hs ЩЕ 
Н:С:0: or H—C—O: 

4. Counting Ше electrons, we determine that with all 12 electrons used, there is an 
insufficient number for either carbon or oxygen. If oxygen receives an octet, 
then carbon is missing two electrons. Likewise, if you shifted the electrons so 
that carbon had an octet, oxygen would be missing two. The solution is to form 
a multiple bond. By creating a double bond between oxygen and carbon, all 


atoms have an octet. 
H 
H NT 
H:C:O0 or H—C—O 
You Try It! 
Draw the Lewis structure for carbon dioxide, CO,. 


Answer: ОСО gr О=с=0О 
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RESONANCE STRUCTURES 


There are some molecules for which satisfactory Lewis structures cannot be 
made. An example is sulfur trioxide, SO,. Let’s begin by making a Lewis 
structure of the compound: 


1. Count the valence electrons. S = 6, O = 6, so 6 + (3 x 6) = 24 


2. Draw the skeleton molecule. 
О 
о | 
O:S:O or 0—8 —0 
3. Complete the octets. 
E 10: 
:0: a. 


:0:5:0: ог :0—$—0: 


4. After completing this portion, you may note that sulfur does not have an octet, 
which requires you to create multiple bonds. You may also notice that in 
creating the multiple bonds, there are actually three configurations that are 
equally possible. 


So, which structure should be drawn? The answer is all three. Experimental 
evidence suggests that something different happens in molecules like SO,— 
the measured bond lengths between each S and O are actually somewhere in 
between the length of a single and double bond. What is believed to happen 
in molecules such as this is a process known as delocalization, or resonance. 
The electrons shown in the double bond actually “spread out” so that they are 
equally shared among all constituents. This is the only explanation that seems 
to account for the intermediate bond lengths. When drawing resonance 
structures, it is appropriate to draw all possible Lewis structures. When 
looking at them, you should think of them as being superimposed on one 
another as opposed to being three distinct, isolated states. 


Exceptions to the Octet Rule 


Of course, now that you’re getting the hang of it, you need to know about those 
ever-present exceptions to the rule. There are some cases in which the octet rule 
is not obeyed. You should be familiar with the examples, and there are some 
patterns you can learn to help you memorize this. 


Odd Numbers of Electrons 

Some molecules and ions have an odd number of electrons. That is, after all 
electrons are paired up as bonding pairs or lone pairs, there is an extra 
electron. The most common examples of these compounds contain nitrogen, 
such as NO and NO.. In these cases, the extra electron should be placed into 
a multiple bond. 
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Molecules with Fewer Than Eight Valence Electrons 

There are afew molecules in which an atom will have less than eight valence 
electrons. The most common examples of these contain H, Be, B, and Al. For 
example, boron trifluoride, BF,, has a central boron atom surrounded by 
three fluorine atoms. After filling the octets around the fluorine atoms, there 
are two possible solutions. One is to leave boron with only six valence 
electrons, while the second is to draw resonance structures for the molecule. 
Experimental data suggests that the first solution is more correct because the 
bond lengths indicate single bonds. 


F 
F= B or :F—B <> F=B «> :F—B 
F 


Molecules with More Than Eight Valence Electrons 

These are the most common exceptions to the octet rule. In these molecules, 
the atoms use empty d orbitals to hold more than eight valence electrons. 
These tend to form from large central atoms surrounded by small, highly 
electronegative elements (like F, Cl, and O). Some common examples are 
РЕ; and SF,. 


DES s ER es 
| F: iF | F: 
d SU 
"pes u^ DN 
LS FE: IFO I OR: 
ГЕ: n n Е: n 


INTERMOLECULAR FORCES 


The polarity of molecules like water has very significant effects on the 
behavior of these compounds. If you recall in ionic compounds, the 
oppositely charged ions attract each other and form large crystalline struc- 
tures. A similar process occurs between polar molecules, but we describe 
these as intermolecular forces. There are three main intermolecular forces 
we need to examine. All three of these forces are known as van der Waals 
forces and are specifically called hydrogen-bonding forces, dipole-dipole 
interactions, and London dispersion forces. 


Hydrogen Bonding 


Hydrogen bonding will be seen in situations in which a hydrogen atom is 
bonded to a small, highly electronegative element with lone pair electrons. 
Inhydrogen bonds, the hydrogen atom (with its partial positive charge), will 
be attracted to the lone pair electrons of the nearby partially negative atom. 
One of the more common and significant places where hydrogen bonding 
occurs is the water molecule. If two water molecules are near each other, the 
partially positive hydrogen atoms will be attracted to the lone-pair electrons 
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of the nearby partially negative oxygen atoms. These electrostatic attrac- 
tions will cause weak bonds to form between the water molecules. Hydrogen 
bonds, which are weak compared to covalent or ionic bonds, are the 
strongest of the intermolecular forces. They are responsible for a number of 
important chemical phenomena, some of which are listed in Table 5.2. 


Table 5.2 Examples of the effects of hydrogen bonding. 


Increased boiling A perfect example is the difference between 

temperatures methane (CH,), ammonia (NH,), and water (H,O). 
The dramatic difference in boiling temperatures of 
CH, (-162 °C ), NH, (-33 °C), and H,O (100 °C) is 
due to the greater hydrogen bonding between the 
more polar molecules. 

Surface tension Hydrogen bonding is not responsible for surface ten- 
sion in all substances, but itis responsible for itin many 
substances. The tension found on the surface of liquids 
and the "rounding" of drops of liquids are due to an 
uneven amount of hydrogen bonding between the mol- 
ecules on the surface with molecules beneath the sur- 
face and molecules in the air. This uneven attraction 
creates a net force that is inward. 


N A 
`H 


O----H H-bonds 


H H——o' 


| 


H-bond H 


Dipole-dipole Interactions 


Dipole-dipole interaction is still caused by forces between polar molecules. 
However, this time the molecules are not limited to hydrogen-containing 
molecules. Any polar molecule can be attracted to any other polar molecule. 
Likewise, ions willalso beattractedto polar molecules. The strength ofthese 
attractions will vary with the polarity of the molecules and will determine 
many physical properties similar to those listed in Table 5.2. In a dipole- 
dipole interaction, the atoms with partial positive charges are attracted to 
nearby atoms with partial negative charges (or lone-pair electrons). 
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London Dispersion Forces 


London dispersion forces are the weakest of the intermolecular forces and 
occur between all molecules. These are the only types of intermolecular 
forces that are possible between nonpolar molecules and are caused by 
momentary dipoles. Experimental evidence suggests that electrons are not 
symmetrically distributed about the nucleus at all times. On average, the 
electrons may be spread out evenly around the nucleus, but there are brief 
instants when the electron density may be greater on one side of the atom 
than another. During these periods of time, the atoms develop a temporary 
or instantaneous polarity. The temporary polarity (which is the cause of the 
momentary dipole) allows for attraction between particles that are normally 
nonpolar. London dispersion forces tend to increase as the size and mass of 
the molecule increase. 
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Summary: Chemical Bonding 


Lewis symbols, or electron dot symbols, are useful ways to represent the 
valence electrons in many elements. 


Atoms form bonds that allow them to acquire a stable octet (or eight 
valence electrons). 


Ionic bonds, based on electrostatic attraction between oppositely charged 
particles, form when electrons are transferred from one atom to another. 


Ionic compounds are crystalline and tend to have high boiling points. 


Covalent bonds form between atoms with fairly similar electronegativi- 
ties. Electrons are shared between atoms in covalent compounds. When 
the electrons are shared equally, the bond is nonpolar, and when they are 
shared unequally, the resulting bond is polar. 


Lewis structures can be used to draw the structures of covalent com- 
pounds. You should learn the rules for drawing these structures. 


Resonance structures exist for molecules in which electrons are 
delocalized. 


There are a few notable exceptions to the octet rule that you should be 
aware of: molecules with odd numbers of electrons, incomplete octets, 
and expanded octets. 


There are three main types of intermolecular forces you need to be aware 
of: hydrogen bonding, dipole-dipole interactions, and London disper- 
sion forces. The first two only occur in polar molecules, whereas 
dispersion forces exist between all types of molecules. 


Intermolecular forces can be used to explain many physical properties 
of compounds. 
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REVIEW QUESTIONS 


1. The energy required to remove an electron from a gaseous atom is known as 
(A) activation energy. 
(B) free energy. 
(C) ionization energy. 
(D) kinetic energy. 
(E) lattice energy. 


2. The energy required to separate an ionic solid into gaseous ions is known as 
(A) activation energy. 
(B) free energy. 
(C) ionization energy. 
(D) kinetic energy. 
(E) lattice energy. 


3. For which of the following molecules are resonance structures necessary to 
describe the bonding satisfactorily? 


(A) H,O 
(B) SO, 
(C) CH, 
(D) HCN 
(E) PF, 


4. Which of the following has the most polar bond? 
(A) N, 
(B) F, 
(C) HF 
(D) HCI 
(E) PCI, 


5. Which of the following would most likely have the highest boiling point? 
(A) NH, 
(B) CH, 
(C) PCI, 
(D) HF 
(E) LiCl 
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Use these answers for questions 6-8. 


10. 


(A) Hydrogen bonding 
(B) Hybridization 

(C) Ionic bonding 

(D) Resonance 


(E) London dispersion forces 


. Isused to explain why bromine molecules are held together in the liquid state 


at room temperature. 


. Is used to explain why the boiling point of n-propanol, C,H OH, is greater 


than the boiling point of propane, C,H,. 


. Is used to explain the fact that the S-O bonds in SO, are identical. 


. Which of the following elements, if placed as the central atom in a molecule, 


is capable of having more than 8 valence electrons? 
(A)N 

(B)F 

(С) О 

(D) Te 

(E)H 


Which molecule has a Lewis structure that does not obey the octet rule? 
(A) NO 

(B) CS, 

(C) PF, 

(D) HCN 

(E) ССІ, 
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Free Response 
Using the principles of chemical bonding and/or intermolecular forces, 
explain each of the following. 
(A) Neon has a boiling point of —246 °C, argon has a boiling point of 
—186 °C, and krypton has a boiling point of -153 °С. 
(B) In its metallic form, copper is used to make electrical wire because of 
its excellent conductivity, yet the compound copper II chloride, 
CuCl, does not conduct electricity. 
(C) H,O has a boiling point of 100 °C, while the similar H,S has a boiling 
point of -60 °С. l 
(D) The melting point data in the Table below: 


Melting point data for four lithium salts 


Substance Melting point (°C) 
LiF 848 
LiCl 610 
LiBr 552 
Lil 469 
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ANSWERS 


1. 


10. 


The correct answer is (C). 


2. The correct answer is (E). 
3. 
4 


. The correct answer is (C). Н and F have the greatest difference in electrone- 


The correct answer is (В). 0=5 —0: «э :0—$—0 


gativities. 


. The correct answer is (E). LiCl is an ionic solid. The others, all molecular 


compounds, will have lower boiling points. 


- The correct answer is (E). Bromine, Br,, is a nonpolar molecule. The only 


intermolecular forces that are possible are London dispersion forces. The larger 
the molecule, the more interactions that are possible between atoms/molecules. 


. Thecorrect answer is (Е). The propane molecule is essentially nonpolar. The 


polar O-H bond in propanol allows for the formation of hydrogen bonds that 
will increase its boiling point. 


- The correct answer is (D). SO, has three resonance structures. The concept 


of resonance explains why all three of these bonds are identical as opposed to 
having one shorter S=O double bond and two longer S-O single bonds. 


. The correct answer is (D). Te is the only one with d orbitals capable of an 


expanded octet. 


The correct answer is (A). NO has an odd number of electrons. It can’t obey 
the octet rule. N=O 


Free Response 


(A) Neon, argon, and krypton all are noble gases with increasing atomic 
number. London dispersion forces are responsible for the intermo- 
lecular forces that can cause attractions between the atoms. Disper- 
sion forces increase as the size of an atom increases. 


(B) The metallic bonds allow for free movement of valence electrons 
within elemental copper. This allows greater conductivity. Copper 
chloride, on the other hand, is an ionic solid, where the electrons are 
all held tightly within the crystalline structure of the compound. 
Tightly bound electrons can’t support the flow of electric current. 


(C) Although the molecules are structurally similar, the polarity of the 
bonds in each is dramatically different. Oxygen is a much more 
electronegative element than sulfur. Therefore, the polarity of each 
O-H bond is much higher than the polarity of the S-H bonds. This 
allows for a higher degree of hydrogen bonding between the water 
molecules and, hence, a higher boiling point. 


(D) The trend in the table is that lithium is bonded to elements that 
become progressively larger. For ionic compounds, the strength of the 
bonds decreases as atomic size increases. 


Chapter 


Molecular Geometry 


This chapter reviews molecular geometry and the two main theories of 
bonding. The model used to determine molecular geometry is the VSEPR 
(Valence Shell Electron Pair Repulsion) model. There are two theories of 
bonding: the valence bond theory, which is based on VSEPR theory, and 
molecular orbital theory. A much greater amount of the chapter is based on 
valence bond theory, which is based on VSEPR theory and uses hybridized 
orbitals, since this is the primary model addressed on the AP exam. 

There are a few attributes of molecules that must be included in a 
discussion of molecular geometry. These include the three-dimensional 
arrangement of the atoms, the bond angles, the bond lengths, and the 
locations and effects of lone pairs of electrons. These issues are explained 
in the VSEPR model. 


VSEPR THEORY 


As its name might suggest, VSEPR theory is based on the assumption that 
molecules will be constructed in ways that minimize electron pair repul- 
sions. That is, pairs of electrons will repel each other to the farthest possible 
distance. With this understanding, there are some very clear patterns that 
emerge when looking at different types of molecular structures. 

When constructing molecular models, it helps to review the Lewis 
structures for the molecule. If you recall from Chapter 5, Lewis structures 
display two types of electrons: bonding pairs (those shared between atoms) 
and nonbonding pairs (those that exist as lone pairs on an atom). 


Electron-Pair Arrangements 

Before looking at molecular geometry it is helpful to examine the way that 
VSEPR theory treats single atoms. According to the theory, the electrons are 
going to orient themselves as far away from one other as possible. In Table 
6.1, you will notice the effect this has on different amounts of electron pairs. 


The Relationship Between 
Bond Angles and Nonbonding Electrons 


The basic technique for predicting molecular geometries is to use one of the 
structures shown in Table 6.1 and insert atoms in the positions of some 
electron pairs while inserting lone pairs for the remainder. This will 
automatically reclassify some of the electron pairs as bonding pairs and 
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NOTE 
Remember from 
Chapter 5, that 
there are some 
atoms that have 
more than an octet 
around them. 
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Table 6.1 Arrangements of Electrons Around Central Atoms 
Electron Electron-pair Bond 
Pairs Arrangement Geometry Angles 
180° 
2 Linear 180° 
3 Trigonal planar 120° 
4 tetrahedral 109.5 ° 
Trigonal 120? 
bipyramidal 90 ? 
6 Octahedral 90° 
180? 
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others as nonbonding pairs. The bonding pairs determine the geometry ofthe 
molecule only, while the nonbonding pairs will contribute to the bond 
angles. Let's construct a model of a water molecule: 


H—O—H 
Figure 6.1 


As you can see in the figure, there are two pairs of bonding electrons (one 
pair between each hydrogen and the central oxygen). There are also two 
pairs of nonbonding electrons. The electron pairs will orient themselves in 
a tetrahedral configuration. Since two of the pairs of electrons are going to 
be bonded to hydrogen atoms, the resulting molecule will be a shape known 
as "bent" (see table 6.2). 


see 


Figure 6.2 


The water molecule helps to illustrate two important facets of VSEPR 
theory: that the molecular shape is not always going to be the same as the 
electron pair geometry and that the nonbonding pairs of electrons tend to 
have a larger effect on the overall molecule and are drawn larger as a result. 
This second point about the effect of the nonbonding pairs can be seen by 
comparing the bond angles of water, ammonia, and methane against the 
predicted bond angles of 109.5° (the predicted angle for a tetrahedral 
arrangement of electrons). 


aS 
ee 


H 4 | ( *\ 
| \ ) \ 4 
N Wy 
_C _N as) 
H^ { жн H^ ya» TON 
H 109.5 H 107 H 104.5 


Figure 6.3 


Each of these molecules has a tetrahedral arrangement of electrons. The 
difference between them is the number of nonbonding pairs in the molecule. 
As you have just seen, water has two nonbonding pairs of electrons and two 
bonding pairs. Ammonia (NH,) has one nonbonding pair and three bonding 
pairs. Methane (CH,) has no nonbonding pairs and four bonding pairs. As 
you can see in Figure 6.4, the bond angles between hydrogen atoms in 
methane are indeed 109.5?. However, ammonia is only 107 ?, while water 
is 104.5?. The accepted explanation for this phenomenon is that the 
nonbonding electrons have a larger repulsive force than the bonding 
electrons. As a result, the bonding electrons between the hydrogen atoms 
and the central atoms are “squeezed” more tightly together. The more 
nonbonding pairs, the greater the decrease in bond angle. This same effect 
can be seen with multiple bonds. Multiple bonds also have the effect of 
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compressing bond angles by exerting a greater repulsive force on neighbor- 
ing electrons. 


MOLECULAR GEOMETRY 


The shapes of most molecules can be predicted using the six models for 
electron pair arrangements. What you need to do for each one is 


1. Determine the number of electron pairs on the central atom—this determines 
the electron pair arrangements. 


2. Determine the number of bonding pairs and nonbonding pairs. You should 
“ignore” the nonbonding pairs when determining the shape of the molecule 
(since they are not part of the molecule). The nonbonding pairs will only 
become significant if you need to determine information about bond angles. 


Table 6.2, on the next three pages, lists representative structures and 
examples. 

One thing to note that will save you some time memorizing information 
is that for molecules with no nonbonding pairs, the molecular geometry is 
identical to the electron pair geometry. 


Samples: Determine the molecular geometries of the following molecules: 
a) CF, b) TeF, c) KrF, 
Answers: 
a) Drawing a Lewis structure lets you know quickly that there are four 
pairs of electrons surrounding the central atom and no nonbonding 
pairs. Therefore, the structure will be tetrahedral. 


b) Te has six valence electrons. The Lewis structure should indicate that 
four of these will be in bonding pairs with the fluorine atoms and the 
remaining two will exist as a nonbonding pair. Therefore, the struc- 
ture shows 5 electron pairs, 1 of which is nonbonding, indicating a 
seesaw shape. 


c) Krhas eight valence electrons. The Lewis structure should indicate 
that two of these will be used in bonds with fluorine atoms, leaving 
six. These six will form three nonbonding pairs. Therefore, there are 
five electron pairs, two of which are bonding and three of which are 
nonbonding. The structure is linear. 


You Try It! 

Determine the molecular geometries of the following molecules: 
а) H,Se b) BrF, c) SCI, 

Answers: a) bent b) T-shaped C) seesaw 
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Table 6.2 
Electron | Electron pair Bonding Nonbonding Molecular 
Pairs arrangement pairs pair geometry Example 
DQ 9—0—9 
2 ` c X 2 0 CO, 
Linear Linear 7 
BeH, 
© 
y 
\ р 
E Á "F (A) 
3 { ml N 3 0 m B ВСІ, 
% wi er B | 
Trigonal planar Trigonal planar 
SO, 
(a 
„/ 
CX 
2 1 d E SnC 1 
uy BJ : 
Bent 
CI > 
C ® 
on 
. Fa D A 
s ЭЪ 4 B f 
|. o 97 89 | c 
Ww» = (B) 
Tetrahedral Tetrahedral 
(? ) 
e- А }- 
в „A D T 
eS 
«4 BJ 
4 3 1 (B) NH, 
Trigonal 
pyramidal 


www.petersons.com 


142 Part 11: AP Chemistry Review 


Table 6.2 (Continued) 


Electron | Electron pair 


Bonding Nonbonding 
Pairs arrangement 


Molecular 
pairs pair 


geometry Example 


PCI, 


nod Trigonal 
bipyramidal bipyramidal 


CIF 


3 


XeF, 
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Table 6.2 (Continued) 
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Electron | Electron pair Bonding Nonbonding Molecular 
Pairs arrangement pairs pair geometry Example 
n wo 
NE e / N "4 
/^ r 6 0 SF, 
Octahedral 
6 5 1 Bre. 
Square 
pyramidal 
4 2 XeF 


Square 
planar 
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The dipole moment 
equation is derived 
from Coulomb's 
law, which states 
that force is equal 
to the product of 
the charges on two 
particles divided by 
the squared 
distances between 
them, F-k 32, 
where К is а” 
constant, q, and q, 
represent the 
electrical charges 
on two charged 
particles, and г? is 
the squared 
distance between 
the particles. 
Coulomb's law 
helps to determine 
the amount of 
electrostatic 
attraction (or 
repulsion) between 
charged particles. 
But it is not neces- 
sary for you to 
work with this 
equation. 
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DIPOLE MOMENTS 


In Chapter 5, you learned about dipoles. A natural extension of that topic is a 
discussion of the dipole moment. If you recall, a dipole is created when there 
is an uneven distribution (or sharing) of electrons in a covalent bond between 
atoms of unequal electronegativities. The strength of a dipole depends partly 
on the degree of difference in electronegativities between the two atoms. That 
is, fortwo atoms whose differences in electronegativities are rather large, like 
Hand F, the magnitude of the dipole will be larger than that of a bond between 
H and O (in which the electronegativity difference is not as large). 

Dipoles, in addition to having a certain size, also exist in specific 
directions. For example, the dipole between H and F points toward F since 
Fhas alarger electronegativity and draws the electron density toward itself. 
So the dipole has both a size and a direction. Measurements that possess both 
a size and a direction are known as vectors. The magnitude of the dipole is 
usually expressed as the dipole moment. A dipole moment is defined as the 
product of the charge, Q, times the distance between the charges, r. 


Dipole moment = Qx r 


The unit of measure for dipole moments is known as a debye (D). 

You are not asked to calculate the dipole moment on the AP exam, but you 
do need to understand what it represents and how to work with it. What 
follows is a description of the types of information that usually appear on the 
AP exam for dipole moments. 


Working with Vectors 


If you are looking at the dipoles in a diatomic element, like O,, you should 
quickly notice that there is no dipole moment. One oxygen atom pulls the 
other electrons toward it with a certain amount of force, but the other atom 
pulls back with an equal amount of force. Therefore, there is no net force 
between the two oxygen atoms—the forces cancel. Fortwo different atoms, 
such as H and F, the electrons are definitely pulled more toward F than back 
toward H. As a result, there is a dipole moment toward the F: 


+ 
H—F 
Figure 6.4 


Any diatomic molecules containing two different elements will have dipole 
moments. More complex molecules have to be carefully considered before 
determining their dipole moments. For example, let's compare the molecules 
CO, and H,O. Both contain three atoms, but the dipole moments are very 
different. As you just learned in the previous section, CO, has a linear 
molecular geometry. Since C and O have different electronegativity values, 
there will beadipole between C and O. However, acloser look atthe molecule, 
the dipoles, and the geometry reveal the nature of the dipole moment: 


++ 
O—UC-—O 


Figure 6.5 
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Because the magnitude of each dipole is equal and their directions are 
exactly opposed to one another, the two vectors cancel each other out. 
Therefore, the CO, molecule has no dipole moment. Now, consider the H,O 
molecule. Since there is an electronegativity difference between H and O, 
there will be a dipole between each H and the oxygen atom. However, the 
molecular geometry of the water molecule is bent. This means that the vectors 
look like: 

j^ 
Figure 6.6 


In this molecule, the vectors are not opposite each other and therefore do 
not cancel each other out. They will add together to produce a net dipole 
moment for the molecule: 


H 


(0) 
“Ta 


Figure 6.7 


A geometry that has angles in it does not necessarily mean the molecule 
has to have a dipole moment. Take, for instance, BF,. The molecular 
geometry for this molecule is trigonal planar. There is a difference in 
electronegativities between boron and fluorine, so there will be dipoles 
between boron and fluorine. If you consider the molecular geometry, 
however, you will notice that the dipoles cancel each other out, giving the 
BF, molecule a dipole moment of zero: 

SN 52 Е 
I 
F 


Figure 6.8 


There are a few other items worth mentioning about dipole moments. In 
addition to the geometry of the molecule, you must consider the presence of 
nonbonding electrons. Nonbonding electrons also create a shift in electron 
density away from an atom and toward the nonbonding pair. These lone 
pairs will affect any molecules that contain nonbonding electrons. For 
example, if you look at the molecule NF,, you might expect to see a rather 
large dipole moment. The shape of the molecule is trigonal pyramidal. Since 
there is a substantial electronegativity difference between N and F, the 
dipoles will be toward each fluorine atom. Therefore, there will be three 
dipoles moving downward, away from the nitrogen atom. 


5 
ERIT 
F 


Figure 6.9 
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The dipole moment of the NF, molecule, however, is rather small, only 
about 0.2 D. The factor that reduces the effect of the fluorine atoms is the 
nonbonding pairs, which also create a force going upward (or opposite the 
net force of the fluorine atoms). This is nearly enough to cancel the force of 
the fluorine atoms: 


Figure 6.10 


Also, molecules are considered polar if they have a dipole moment and 
nonpolar if they have no dipole moment. Conversely, you could say that 
molecules that are polar have a dipole moment and molecules that are 
nonpolar do not have a dipole moment. 

The AP exam does not ask you to calculate the dipole moments of any 
molecules. What it does ask—almost every year—are questions such as 
“Which of the following has the greatest dipole moment" or “Which of the 
following has no dipole moment." To answer those questions, you have to 
consider the geometry and the size of the attractions between the atoms. 


Sample: Of the following molecules, which has the largest dipole moment? 


(A) CN 

(В) СО, 

(C) N, 

(Р) НЕ 

(Е) Е, 
Answer: НЕ. N, and F, can beruled out immediately since they are diatomic 
molecules and nonpolar. CO, is the only triatomic molecule here, but it is a 
linear molecule, and therefore it is nonpolar. Between CN- and HF, the 
electronegativity differences between H and F are far greater than between 


C and N. Therefore, the dipole will be much larger between those two, 
creating a larger dipole moment. 


You Try It! 
Which of the following has a zero dipole moment? 
(A) HCN 
(B) HS 
(C) SO, 
(D) NO 
(E) PF, 


Answer: PF, 
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VALENCE BOND THEORY 


The VSEPR model makes some assumptions. Primarily, it assumes that 
orbitals from neighboring atoms overlap and electrons are shared within the 
common region of space. Another assumption is that only unpaired elec- 
trons are involved in bonding. This latter assumption is where things get a 
bit sticky, so an alternative approach is needed. Take the fluorine atom, for 
instance, whose orbital diagram is shown below: 


TL) [TL] ININ T 
1s 2s 2p 


Figure 6.11 


Fluorine has one unpaired electron and, as you know, forms one bond. 
Similarly oxygen, whose orbital diagram is 


[ru] [ty] [re] Е 
2p 


1s 2s 


Figure 6.12 


has two unpaired electrons and forms two bonds. Following this logic, you 
would expect that carbon, whose orbital diagram is 


ТТТ Т 
15 2 2р 


Figure 6.13 


would only form two bonds. However, it is very rare that this occurs. Carbon 
most often forms four bonds. So, is the assumption about unpaired electrons 
incorrect, or is something else going on? It turns out that something else 
seems to be going on (though there is still a fair amount of argument about 
this). For your purposes on the AP exam, you can assume that what follows 
is an acceptable explanation. 

The answer comes from a process known as hybridization of orbitals. The 
basic premise is that in order to gain the stability of additional covalent 
bonds, some electrons can be “promoted” to higher orbitals. While some 
energy is required to promote electrons to higher energy levels, the stability 
of the extra bonds compensates sufficiently to allow the process to occur. 
The four bonds of carbon can be explained by showing the promotion of an 
electron to a higher orbital, as seen in this new orbital diagram of carbon: 


мот ттт 
15 2s 2р 


Figure 6.14 


The diagram indicates that there are still separate s and p orbitals. 
Experimental evidence indicates that the bonds formed between carbon and 
other atoms (for example four hydrogen atoms) are all the same. That is, they 
all behave as though they are the same type of orbital. The accepted 
explanation for this is that the four orbitals form a new type of orbital known 
as a hybrid. In this case, because the new orbitals involve one s orbital and 
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three p orbitals, the new orbitals are known as sp? (pronounced “s-p- 
three"—don't mistake it for an exponent) hybridized orbitals, shown in the 
diagram below: 


> 


^ TET 
1s sp? 


Figure 6.15 


Other combinations of hybrid orbitals are possible. For example, boron, 
whose normal orbital configuration is 


TLL STL] LT normal boron atom 
1s 2s 2p 


Figure 6.16 


will promote a 25 electron to form hybrid orbitals, but there will still be an 
empty 2p orbital. This configuration, which involves combining one s 
orbital and two p orbitals, is known as sp? hybridization. 


Ni] tT] tit hybridized boron atom 


1s sp? 2p 
Figure 6.17 
As you may have predicted, there is also an sp hybridized orbital. An 


example of this can beseen with beryllium (which can violate the octet rule). 
The normal beryllium orbital configuration is 


m m normal beryllium atom 


1s 2s 2p 


Figure 6.18 


After promoting one of the s electrons to an unoccupied p orbital, the 
resulting orbitals become sp hybrids. This allows beryllium to form two 
bonds while leaving two unoccupied 2p orbitals. 


Е T | T | | | hybridized beryllium atom 
1s 2s 2p 


Figure 6.19 


As you saw in Chapter 5, some atoms can violate the octet rule by using 
unoccupied d orbitals. This process actually occurs by hybridization— 
promoting electrons into the unoccupied d orbitals. For example, look at the 
hybridization of orbitals in the phosphorus atom as it is seen in PCL: 


Normal phosphorus atom 


14] [n] mnn] [re] [7 [5] 5] | | 
15 2s 2p 3s 3p 3d 


Hybridized phosphorus atom 
14] ДС ИЗ ЙЕ (ШИШЕ 
15 2 2р sp^d 3d 


Figure 6.20 
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This type of hybridization is known as sp?d (ог dsp*, depending on where 
you look). The remaining type of hybridization, known as sp?d? (d?sp?), can 
be seen in the hybridization of sulfur in the compound sulfur hexafluoride, 


SF,. In the diagram below, note how two electrons are promoted to the d 


orbitals: 


Normal sulfur atom 


TL) JTL |TLIN | TL] | TL] | TL] ТТ | 
15 2s 2p 3s 3p 3d 


Hybridized sulfur atom 


ЕЕЕ ЕЕ ЕЕ | 
ls 25 2р sp?d? 3d 


Figure 6.21 


Conveniently, the shapes of the hybridized orbitals are identical to the 
shapes shown in Table 6.1. A quick summary is shown in Table 6.3: 


Table 6.3 
Number of 
Hybridization hybridized orbitals Geometry 
sp Two Linear 
sp? Three Trigonal planar 
sp? Four Tetrahedral 
spd Five Trigonal bipyramidal 
spid? Six Octahedral 


Samples: Determine the hybridization of the central atom in the following 
molecules: 


a) CF, b) TeF, c) KrF, 


Answers: 


a) 


b) 


c) 


sp3 The central carbon atom has two electrons in the 2s orbital and 
two unpaired electrons in the 2p orbitals. By promoting an electron 
from the s orbital to the unoccupied p orbital, carbon can form four 
sp? orbitals. 


sp3d The molecule requires four bonding pairs of electrons and one 
nonbonding pair. By promoting an electron to the d orbitals, Te will 
have five hybridized orbitals. In those sp?d orbitals, one will contain a 
pair of electrons (the lone pair), while the other four will contain 
unpaired electrons (which will become bonding pairs with the fluorine 
atoms). 

sp3d By promoting one electron to a d orbital, krypton will have two 
unpaired electrons (that can bond to fluorine). The three remaining 
sp^d orbitals will be filled by nonbonding pairs of electrons. 
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You Try It! 

Determine the hybridization of the central atom in the following molecules: 
a) ASF, b) BF, c) 51С1, 

Answers: a) sp?d b) sp? c) sp? 


SIGMA AND PI BONDS 


The bonds that you have seen so far are all known as sigma (0) bonds. Sigma 
bonds are almost always single bonds that occur by orbitals that are directly 
overlapping along an axis. In the figure below, notice the four examples of 
о bonds. Sigma bonds can form between neighboring orbitals, whether 
those are s orbitals, p orbitals, or hybrid orbitals. 


do DI SGD 


Sigma bonds forming Sigma bonds жа Sigma bonds forming 
between s orbitals between s and p orbitals between p orbitals 


Sigma bonds between p orbitals and hybridized sp orbitals 


Figure 6.22 


The other type of bond that can form is a pi (л) bonds. Pi bonds are the type 
of bonds that make up multiple bonds and are formed when p orbitals on 
neighboring atoms align with one another ina parallel fashion. The electrons 
in the p orbitals distribute themselves above and below the axis (where the 
о bond has occurred). Pi bonds are weaker than sigma bonds. Atoms that 
have only single available p orbitals can form a single т bond, where atoms 
with two available p orbitals can form two л bonds. The formation of pi 
bonds prevents molecules from rotating around the internuclear axis. 


т bond 


ч 


N J Internuclear 


axis 


Figure 6.23 


In summary, s bonds form single bonds and are much stronger than p 
bonds. Double bonds contain one © bond and one m bond. Triple bonds are 
composed of one o bond and two л bonds. 
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Sample: Ethylene gas, used in the ripening of fruits, has the formula 
CH,CH,. How many с and л bonds are present in the molecule? 


Answer: If you construct a Lewis diagram, you can see that the structure of 
the ethylene molecule contains single bonds between each carbon and two 
hydrogens and a double bond between the two carbon atoms. Therefore, 
between each carbon and hydrogen there is one o bond, for a total of four. 
Between the carbon atoms, there is one o bond and one л bond. In all, that 
makes 5 © bonds and 1 m bond. 


You Try It! 
List the number and types of bonds found in a molecule of hydrogen cyanide, 
HCN. 


Answer: two с bonds and two т bonds. 


Bond Length, Bond Order, and Bond Dissociation 
Energy 


Complete coverage of these topics would get a bit complicated at this point. 
The APexam does not cover these ata very great depth, so you will only need 
a general idea of the topics to be successful. Bond length is the measured 
distance between the nuclei of the atoms involved in the bond. Bond order 
is the number of pairs of electrons in a bond. For example, in a H-H bond, 
the bond order is 1; in a O2O bond, the bond order is 2; and in a N=N bond, 
the bond order is 3. Bond dissociation energy (also known as bond 
enthalpy) is the amount of energy necessary to break a chemical bond 
(energy is always required to break a chemical bond). The main idea is that 
the more tightly atoms are bound together, the shorter the bond becomes and 
the larger the bond dissociation energy becomes. As a general rule, this 
means that as the number of bonds between two atoms increases (that is, the 
bond order), the bond lengths get shorter and the bond energies greater. 


MOLECULAR ORBITAL THEORY 


If you are pressed for time, then skip this topic. It rarely appears on the AP 
exam, and it is rather complicated. However, because it has appeared on the 
test and itis mentioned in the required subject matter, it will be discussed in 
this book. 

Molecular orbital theory is an alternative to valence bond theory that more 
adequately explains a few different phenomena. One of the inadequacies of 
the theory involves paramagnetic and diamagnetic properties of molecules. 
Recall from Chapter 3 that paramagnetism (attraction to a magnet) results 
from an odd number of electrons, while diamagnetism (non-attraction to a 
magnet) results from an even number of electrons. There are some cases 
where a few molecules with even numbers of electrons are very strongly 
attracted to magnets. Oxygen (O,) is one of the better-known molecules to 
behave this way. Molecular orbital theory does a much better job explaining 
this than valence bond theory. 
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A molecular orbital is an allowed energy state where electrons can be 
found. Molecular orbitals form from overlapping atomic orbitals. When 
orbitals overlap, there are two possibilities for the region of space between 
the nuclei. The first is that the electron density is greater in that region than 
the rest of the orbital. When this condition occurs, the bond is quite stable, 
which provides a lower energy state than the individual orbitals possessed 
prior to overlapping. This is known as a bonding orbital. When orbitals 
exist along an axis between the two nuclei, they are known as o (sigma) 
bonding orbitals. If the orbitals that were overlapping were 1s orbitals, they 
would be labeled o, orbitals. 

The second possibility is that the electron density in the overlapping 
regions between the nuclei is less than elsewhere. This region now has a 
higher energy than the overlapping orbitals and is known as an antibonding 
orbital. Similar to bonding orbitals, if an antibonding orbital exists on the 
internuclear axis, it is labeled as с“. (Note: The * indicates antibonding.) 

Orbital diagrams can be created for molecular orbitals much as they were 
created for atomic orbitals. Each molecular orbital possesses a certain 
amount of energy, and electrons are filled into these orbitals using the same 
rules as were used for atomic orbitals (aufbau principle, Pauli exclusion 
principle, and Hund's rule). You won't need to worry about anything past 
the second energy level, so you can look at a short list to determine the order 
of filling (from lowest to highest energies). The order of filling is 


Os O*", Oo, O*,s тр Op T* p o*,p 


First, let's look at the simplest example, an H, molecule. In this molecule, 
two 15 orbitals will overlap. The electrons will fill in the 61s orbital, as seen 
in the diagram below: 


Energy 
> 
] 
| 
2 
| 


/ 
\ Iu Ey 


H, molecule 


Figure 6.24 
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Another way to represent this is to use orbital diagrams that look like 
atomic orbital diagrams. The same H, molecule can be shown as follows: 


Figure 6.25 


Bond Order 


Earlierin this chapter, you learned the definition of bond order in the valence 
bond theory. In molecular orbital theory, the bond order is defined as one- 
half the difference between the number of electrons in bonding orbitals and 
the number of electrons in antibonding orbitals. Mathematically, this can be 
expressed as: 


bond order = 14 (nb — na) 


where nb is the number of electrons in bonding orbitals and па is the number 
of electrons in antibonding orbitals. 

For hydrogen, the bond order is 14(2 — 0) = 1. This is no different from 
what would be predicted in valence bond theory. 


Electron Configurations for the Period Two 
Diatomic Molecules 


To finish up this section on molecular orbital theory, let's look at the 
configurations for the elements from lithium to neon. These should provide 
you with sufficient examples to see the main principles behind molecular 
orbital theory. 
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Table 6.4. Molecular orbital configurations and other data about Period 2 elements. It is 
understood that each molecule has a complete $, and s*, orbital. Note, that oxygen, fluorine, 
and neon have a slightly different order due to interactions between 2s and 2p orbitals. 


Bond Bond 
Bond | energy | length 
Substance | Configuration order | (kJ/mol) | (A) Magnetism 


110 2.67 


„ ep 


T 
T 


2p 


*will not maintain diatomic structure 
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Summary: 
Molecular Geometry 


VSEPR theory is the primary theory used to explain the structure of 
most molecules. The underlying assumption is that molecules form with 
geometries that try to minimize electron-electron repulsions. 


There are six main structures on which almost all molecules are based. 
These are the five geometries associated with electron pair arrange- 
ments, whichare linear, trigonal planar, tetrahedral, trigonal bipyramidal, 
and octahedral. 


In molecules, both nonbonding pairs and double bonds compress bond 
angles. 


You should become familiar with the material in Table 6.2. During the 
test, you will need to be able to recognize the shapes of many molecules 
in a very short period of time. 


A dipole moment is a measure of the polarity of a molecule. Individual 
bond polarities are determined, and then the vectors are used to deter- 
mine the net force. 


Valence bond theory predicts the hybridization or orbitals, which occurs 
whenan atom promotes an electron from a lower to a higher energy level 
inorderto form more bonding pairs. You should be familiar with the five 
types of hybridizations (sp, sp’, sp?, dsp?, d*sp*). 

When orbitals overlap, bonds form. When the overlap is along the 
internuclear axis, this is known as a o (sigma) bond. Sigma bonds can 
form between s, p, or hybridized orbitals. When the overlap is between 
parallel orbitals that lie perpendicular to the nuclear axis, this is known 
as a T (pi) bond. 


Sigma bonds are associated with single bonds, and pi bonds are 
associated with double and triple bonds. 


As the number of bonds between two atoms (bond order) increases, 
bond lengths get shorter and bond energies get greater. 


Molecular orbital theory is an alternative approach to bonding than 
valence bond theory. According to this theory, molecular orbitals form 
when orbitals overlap. This overlap gives rise to bonding orbitals and 
antibonding orbitals. 

Molecular orbitals fill in a prescribed sequence, although the sequence 
can vary based on the degree of interaction between s and p molecular 
orbitals (but you don't actually need to know any details about this). 
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REVIEW QUESTIONS 


1. 


Types of hybridization exhibited by the C atoms in acetylene, СУН „ include 
which of the following? 


I. sp 
П. sp? 


Ш. sp? 

(A) I only 

(B) III only 

(C) I and II only 
(D) Папа Ш only 
(E) L IL, and III 


. Which of the following diatomic molecules has the largest bond-dissociation 


energy? 
(A) Li, 
(B) Be, 
(C) B, 
(D) N, 
(E) O, 


. Which of the follow diatomic molecules has the shortest bond length? 


(A) Li, 
(B) Be, 
(C) B, 
(D) N, 
(B) O, 


. Which of the following diatomic elements contains only | sigma (о) and | pi 


(т) bond? 
(A) Li, 
(B) Be, 
(C) B, 
(D) N, 
(E) O, 


. In a molecule in which the central atom exhibits sp?d hybrid orbitals, the 


electron pair arrangements form the shape of 
(A) a tetrahedron. 

(B) a square-based pyramid. 

(C) a trigonal bipyramid. 

(D) a square. 


(E) an octahedron. 


10. 
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. Molecules that have planar configurations include which of the following? 


I. BF, 
П. XeF, 
III. NH, 


(A) I only 

(B) Ш only 

(C) Land II only 
(D) II and Ш only 
(E) I, IL and III 


. The electron-dot structure (Lewis structure) for which of the following 


molecules would have one unshared pairs of electrons on the central atom? 
(A) H,O 
(B) NH, 
(C) CH, 
(D) C,H, 
(E) CO, 


. Which of the following molecules has a trigonal pyramidal shape? 


(A) PCI, 
(B) NO 
(C) NH, 
(D) CCl, 
(E) H,O, 


. The AsF, molecule has a trigonal bipyramidal structure. Therefore, the 


hybridization of As orbitals should be 
(A) sp? 

(B) р? 

(C) sp'd 

(D) sp'd 

(E) sp'd* 


CCL, BeF,, PCL, SbCl, XeF, 


Which of the following does not describe any of the molecules above? 
(A) Linear 

(B) Octahedral 

(C) Square planar 

(D) Tetrahedral 

(E) Trigonal pyramidal 
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11. 


12. 


13. 


14. 


15. 


The geometry of the H,S molecule is best described as 
(A) trigonal planar. 

(B) trigonal pyramidal. 

(C) square pyramidal. 

(D) bent. 

(E) tetrahedral. 


All of the molecules below display sp?d hybridization EXCEPT 
(A) NF, 

(B) PF, 

(C) SF, 

(D) BrF, 

(E) XeOF, 


Pi bonding occurs in each of the following species EXCEPT 
(A) NF, 
(B) C,H, 
(C) HCN 
(D) C.H, 
(E) CCI, 


Antibonding orbitals are found 

(A) between the nuclei of atoms. 

(B) surrounding the nuclei of atoms. 

(C) nowhere; they only exist theoretically. 

(D) on the outsides of atoms (the sides opposite the overlapping regions). 
(E) above the bonding orbitals. 


Which of the following has a dipole moment of zero? 
(A) CCI, 

(B) HCN 

(C) NO, 

(D) NH, 

(E) H,O 


Free Response 


1. 


Usesimple structure and bonding models to account for each of the following. 

(A) The bond length between the two carbon atoms is shorter in C,H, than 
in CH, 

(B) The H-O-H bond angle is 104.5°, as opposed to the expected 109 °. 

(C) The bond lengths in the nitrate ion, NO,, are all identical and shorter 
than a nitrogen-oxygen single bond. 


(D) The ethylene molecule, C,H,, does not rotate around the C-C axis. 


2749 


. Discuss briefly the relationship between the dipole moment of a molecule and 


the polar character of the bonds within it. With this as the basis, account for 
the difference between the dipole moments of CH,Cl, and ССІ, 
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ANSWERS 
1. 


The correct answer is (A). Only two hybridized orbitals are formed—one for 
the C-H bond and the other for the C-C bond. The remaining half-filled p 
orbitals are used to make the two л bonds, which complete the triple bond. 


. The correct answer is (D). Nitrogen has a triple bond and a bond order of 2. 


This makes it the strongest bond, requiring it to have the largest bond- 
dissociation energy. 


. Thecorrect answer is(D). The triple bond in nitrogen is the strongest and will 


cause the nitrogen atoms to be the closest together. 


. The correct answer is (E). Опе с bond and one т bond are characteristic of 


a double bond. The only double-bonded diatomic element listed as a choice is 
oxygen. 


5. The correct answer is (C). 


6. The correct answer is (С). BF, has a trigonal planar configuration, and XeF, 


has a square planar configuration. NH, has a trigonal pyramidal configuration. 


. The correct answer is (B). H,O has two pairs, and all others have no unshared 


pairs. 


8. The correct answer is (C). 


9. The correct answer is (D). Make sure you read all choices carefully; choice 


10. 


11. 


12. 


13. 
14. 


15. 


(C) is a very close distracter, but it represents a nonexistent hybridization. 


The correct answer is (B). Be careful on questions like this. SbCl, represents 
atrigonal bipyramidal structure, but this has been thrown in as a distracter. Of 
the five answer choices, four are represented, meaning the fifth choice, 
octahedral, must be the correct one. 


The correct answer is (D). This is a characteristic structure for four electron 
pairs with two nonbonding pairs. 


The correct answer is (A). Perhaps the biggest timesaving clue is that 
nitrogen is only a period 2 element. Since period 2 does not have d orbitals, it 
is not possible for nitrogen to promote an electron to a d orbital to form a bond. 
The long route to solving this problem would be to determine the hybridization 
of each separately. 


The correct answer is (E). All the other choices have multiple bonds. 

The correct answer is (D). Bonding orbitals exist in the overlapping region 
(where electron density is greatest). Antibonding orbitals exist opposite this 
region, or on the outsides of the atoms. 

The correct answer is (A). All the other choices either contain bond angles 


that won't allow for cancellation of bond dipoles or different atoms (1.е., atoms 
with different electronegativities). 
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Free Response 


(A) C,H, has a triple bond between the two carbons, while C,H, has double 


1. 


(B 


(С 


(D) The ethylene molecule, C 


) 


— 


bonds. This allows for increased overlap and the formation of an 
additional pi bond. This has the effect of shortening the bond length. 


The two nonbonding pairs of electrons on the central oxygen atom 
exert a stronger repulsive force than the bonding pairs between 
oxygen and hydrogen. This has the effect of pushing the hydrogen 
atoms closer together, decreasing the H-O-H bond angle. 


A question that is worded this way should be a red flag that the test- 
makers may be asking about resonance structures, which, in fact, is 
happening here. There are three possible resonance structures. If the 
electron were localized to any one nitrogen and oxygen, the bond 
length of that bond would be shorter than the other two, and the other 
two would have bond lengths the same as a N-O single bond. Delocal- 
ization of the electron allows for the three resonance structures and 
also creates three equal bonds, each of which is less than a single 
bond but greater than a double bond. 


Figure 6.26 


„H is not able to rotate around the C-C axis 
because of the presence of the pi bond that forms from the overlap of 
the 2p orbitals of each carbon. The pi bonds prevent rotation and 


locks the molecule into its planar structure. 


2. This question really has at least two distinct parts, the first about dipole 


moments, and the second to address the examples. 


The dipole moment of a molecule represents the combined effects of 
the individual vectors for each polar bond. A molecule can have very 
polar bonds, yet no dipole moment, if the configuration of the 
molecule is such that the vectors all cancel. It is the resultant of the 
individual vectors that determines the moment. 


In the CCI, molecule, the individual bond polarities are relatively 
large since there is a large difference in electronegativity between 
carbon and chlorine. However, the tetrahedral configuration of the 
molecule causes the individual polarities to cancel each other out. 
This is not the case in the CH,Cl, molecule. This molecule also has а 
tetrahedral geometry, but the forces do not cancel out this molecule. 
The interactions between the carbon and hydrogen atoms are insuffi- 
cient to cancel the dipoles between carbon and chlorine. As a result, 
there is a dipole moment for that molecule. 


Chapter 


States of Matters—Gases 


This chapter is the first of two devoted to specific states of matter, and in it 
you will focus your attention on the gaseous state of matter. However, all of 
the states will be described within a larger framework that looks at the state 
of matter as a series of interrelated factors, including kinetic energy (or 
temperature), pressure, and intermolecular forces. Gases are usually de- 
scribed by a series of postulates known as kinetic molecular theory, which 
constitute the ideal gas law. To begin the chapter, you will look at a historical 
development of the ideal gas law, during which you will review some of the 
equations used to create the ideal gas law. 


UNITS OF MEASURE 


The three units described in the gas laws are temperature, volume, and 
pressure. 


Temperature 


Temperature is defined as the average kinetic energy of moving particles. In 
a hot object, the particles in the object are moving more (and hence possess 
more energy) than your hand. There will be a net flow of energy into your 
hand, and your hand will have the sensation of hotness. The opposite is true 
of cold objects. Energy flows from your hand into the object causing a 
cooling sensation in your hand. 

In most instances, temperature is measured in the unit of °C (degrees 
Celsius), but for the description of any gas, itis imperative to use the Kelvin 
scale. The Kelvin temperature, also referred to as the absolute temperature, 
bears a direct relationship to kinetic energy. For example, 0 K (Note: It is not 
appropriate to use the ? symbol), known as absolute zero, represents zero 
kinetic energy. A doubling of Kelvin temperature represents a doubling of 
kinetic energy (e.g., 50 K to 100 K is twice the kinetic energy). This is not 
true for Celsius temperatures (50 °C to 100 °C is not a doubling of kinetic 
energy). Absolute zero, О К, is 273.15 °C, so the conversion from a Celsius 
temperature to a Kelvin temperature is: 


(Equation 7.1) Kelvin = Celsius + 273.15 
(it is sufficient to use 273 in the problems you will have) 
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(Equation 7.2) 


NOTE 
This equation is 
provided for you in 
the AP formulas. 
Although the gas 
law questions on 
the AP exam 
usually provide the 
temperature in 
kelvins, you should 
be on the lookout 
for degrees Celsius. 


(Equation 7.3) 
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Volume 


Volume does not need such a lengthy discussion. The volume of a substance 
is simply the amount of space that it occupies. There are numerous units of 
measure that can describe volume, including cubic centimeters (cm?), cubic 
meters (m?), milliliters (mL), and liters (L). One cm? is equal to 1 mL. Ideal 
gas problems need to be solved in liters, since the ideal gas constant R uses 
liters as a unit (more on this later). 


Pressure 
Pressure is defined as the force per unit of area, that is 
pat 
A 


For gases, this force can be a factor of their motion or their weight. 
Atmospheric pressure is caused by the weight of air particles that are 
attracted toward earth. Inside a sealed container, pressure is exerted by the 
collisions of particles on the sides of the container. By determining the force 
of those collisions on a given area, you can determine the pressure exerted 
by the particles. There are many units that describe pressure. The SI unit of 
pressure is the pascal, Pa. The kilopascal is a bit more practical as a unit, 
however, since a pascal is quite small. Other units of pressure include 
millimeters of Hg (mm Hg), torr, bar, and atmospheres. The relationship 
between the units is as follows: 


1 atm = 760 mm Hg = 760 torr = 1.01 bar = 101.325 kPa 


You might have noticed that torr and mm Hg have the same value. On the 
AP exam, units of pressure are usually atm in the ideal gas problems (R uses 
atm as the pressure unit) and mm Hg in partial pressure problems. 


THE GAS LAWS 


Many of the gas law problems on the AP exam are conceptual questions 
rather than calculations. Make sure you understand each of these topics at 
a conceptual level as well as at a mathematical level. 


Boyle’s Law 


One of the earliest discoveries of the behavior of gases came from Robert 
Boyle in 1661. Boyle discovered that the volume of a gas is inversely 
proportional to the pressure placed on it. That is, in а system where volume 
is allowed to change, an increase in pressure will decrease the volume. 
Likewise, if you think of a closed system, such as a cylinder with a piston 
above it, pushing down on the piston (i.e., decreasing the volume) will have 
the effect of increasing the pressure. This relationship can be expressed 
mathematically as: 


PV = constant 
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This condition, however, requires that temperature and the number of gas 
particles remain constant. A change in either of those will also change the 
pressure and volume. From a conceptual perspective, consider the piston as 
shown in Figure 7.1 again. If you think about a fixed number of particles 
insidethe chamber, these particles are moving about, colliding with the sides 
of the container. As they do so, they exert a force. This force, as measured 
perunit of area that the particles are striking, represents the pressure exerted 
by the gas inside the piston. As the plunger is pushed down, note how the 
density ofthe particles increases. This means thatthe particles, still traveling 
the same speed, will not have to travel as far to collide with the sides of the 
container. As a result, the number of collisions they have will increase. This 
increase in collisions will cause an increase in pressure that is proportional 
to the change in volume. 


| 
pou. жыгы ee 
Q A МЫ ЖЕ оо 
оо оодо 


(а) (b) 


Figure 7.1 


Charles's Law 


The next discoveries about gases came from Jacques Charles, who in 1787 
discovered what is today known as Charles's Law. This law states that for 
a fixed amount of gas at constant pressure, the relationship between volume 
and temperature is directly proportional. Written as a formula, Charles’ s law 
takes the form 


= = constant 
T 


You probably have some familiarity with this law. Perhaps you have 
observed a balloon expanding on a hot day or a bag of microwave popcorn 
swelling as the contents begin to heat up. 


Pressure and temperature relationships 


You may have noticed that volume appears in both Boyle’s and Charles’s 
laws. If we make the assumption that pressure and volume are inversely 
related and volume and temperature are directly related, then we can say that 
pressure and temperature are inversely related, or 


P 


7 = constant 
Т 


ТІР 
Remember, Kelvin 
temperatures must 
be used for this to 
be accurate. 


(Equation 7.4) 


(Equation 7.5) 
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(Equation 7.6) 


(Equation 7.7) 


(Equation 7.8) 
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This relationship is frequently referred to as Gay-Lussac's Law, named 
after Joseph Louis Gay-Lussac, one ofthe early gas researchers. Gay-Lussac 
also performed some experiments that helped Amadeo Avogadro create 
what is now referred to as Avogadro's Law. 


Avogadro's Law 


In 1811, Avogadro formulated what is now known as Avogadro's hypoth- 
esis, which states that equal volumes of gases at the same temperature and 
pressure will contain equal numbers of molecules. It has been experimen- 
tally determined that 22.4 liters of any gas at 0 °C and 1 atm (standard 
temperature and pressure, STP) contain 1 mole of molecules (6.02 x 1023). 
This hypothesis allows for the statement of Avogadro's Law, which says 
that the volume of a gas, kept at constant pressure and temperature, is 
directly proportional to the number of moles of the gas. As a formula, this 
reads 


— = constant 
n 


Combined Gas Law 


All four of these laws, when taken together, allow us to make a new formula 
that contains all four variables—pressure, volume, temperature, and the 
number of moles. This new expression, typically called the combined gas 
law, reads as follows: 

PV 


— = constant 


nT 


Since the outcome of the equation remains constant, you can use this 
equation to determine the behavior of a gas as conditions change (i.e., 
changing temperature, pressure, volume, or quantity of gas). To use the 
equation this way, it is helpful to rewrite it as 


LL DLE 


mT, nj, 


where the subscript 1 indicates the initial state of the gas and 2 represents the 
final state. This equation can be used to solve any problem where a change 
in conditions is indicated, regardless of how much information is given. For 
example, if only pressure and volume were given in the problem, the number 
of moles and temperature would simply be omitted. If only volume and 
temperature were given, then pressure and number of moles would be 
omitted. This equation (without the л) is provided in the AP formulas. 
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Sample: If 1.50 moles of a gas at 300 K and under a pressure of 1.5 atm 
occupy 0.5 liters, at what temperature will 3.00 moles of the same gas 
occupy 1.5 liters and exert a pressure of 3.0 atm? 


Answer: To begin, you must set up the equation 9.8: 


Au. hw 


n, nT, 


Problems like this have a lot of given information, and it is important you 
distinguish the initial conditions from the final conditions prior to substitu- 
tion. While you're practicing, it is helpful to make a little chart or to write 
your given information in some organized fashion, but on the AP exam you 
usually won't have time to do this step on paper. Having practiced the 
technique should make you more careful about your work. 


Given: 
P 1.5 atm Р,= 3.0 atm 
V= 0.5 liters V= 1.5 liters 
n= 1.50 moles n= 3.00 moles 
T\= 300 K Ту= ? 


Rearranging the equation to solve for 75, produces the expression: 


т. „БУА 
* ^ тру 


Substituting the given information into the equation produces 


(3.0 atm)(1.5 liters)(1.50 mol)(300 K) 
(3.00 moles)(1.5 atm)(0.5 liters) 


=900 K 


If you have difficulty rearranging equations with this many variables, 
another technique is to substitute numbers directly in the equation and 
attempt to make the equation more manageable before rearranging. Solving 
the same equation, you can observe this technique: 


Bu zs 


n, nT, 


(1.5 atm)(0.5 liters) _ (3.0 atm)(1.5 liters) 
(1.50 mol)(300 K) (3.00 moles)7, 


This can be further simplified to 


1.667 x10? = CONI 
(3.00); 


165 


www.petersons.com 


166 Part 11: AP Chemistry Review 


(Equation 7.9) 
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The equation is much easier to rearrange now, giving 


7 4.5 
*— (3.00)(1.67 107) 


= 900 K 


You Try It! 
ЗН, +N, 2 2NH, 


The Haber process is a method of producing ammonia from its elements 
hydrogen and nitrogen and takes place according to the reaction shown 
above. It is performed at high temperature and pressure. If 500 liters of 
ammonia are produced at 200 atmospheres and 800 K, what volume would 
the sample be at if the temperature was lowered to 300 K and the pressure 
decreased to 100 atm? 


Answer: 375 liters 


THE IDEAL GAS LAW 


The ideal gas equation is not much of a stretch from what you have already 
seen with the combined gas law. If you recall, when the combined gas law 
was first presented, it was written in the form 

PV 


— = constant 


This constant can be replaced by a value, known as the ideal gas constant, 
R, to yield the equation 


PV 

nT — 5 
where the value of R is 0.0821 L-atm mol"! K-!. R can also have a value of 
8.3] joules/mole Kelvin or 8.31 volt coulomb / mole K, but these latter 
forms of the gas equation are not used in solving gas law problems. 
This equation can be rearranged to look more like the equation as you have 
learned it 


PV = nRT 


With this equation, it is possible to determine any property of a gas, if 
provided with the other three properties. An important thing to remember is 
the units of the ideal gas constant. Because R has units of L atm mol! K"!, 
it is important that you have volumes in liters, pressure in atmospheres, and 
temperatures in kelvins. The problems generally are set up that way, but you 
should still be alert. 
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Sample: Determine the volume of 4.50 moles of an unknown gas that exerts 
7.50 atm pressure at 350 K. 


Answer: The given information is as follows: 


Р = 7.50 atm T=350K п = 4.50 mol V=? 
Rearrange the ideal gas equation to solve for V and substitute the given 
information: 


y- nRT (4.50 mol)(0.0821 L -atm mol ' -K (350 К) 
OP 7.50 atm Е 


You Try It! 
A gas is placed in a container at 5.00 atm and 300 K. If the volume of the 
container is 2.00 L, how many moles of gas must there be? 


17.2L 


Answer: 0.406 mol 


GAS DENSITY 


The density ofa gas can be measured in the same way as the density of a solid 
or liquid—by dividing its mass by its volume. Because the particles in a gas 
are very spread out, gas densities are very small numbers and are usually 
described in units of grams per liter as opposed to grams/mL or grams/cm? 
(as would be the case for solids or liquids). The AP exam occasionally has 
gas density questions on it, so you should be familiar with the method for 
solving them. The equation for calculating gas density can be derived from 
the ideal gas equation. 
To begin, look at the ideal gas equation in its usual form 


PV =nkRT 


By rearranging it, you will notice that the units on the left side of the 
equation now are moles per liter (which is getting close to grams per liter) 


m 
V RT 
You may also remember the expression below (if you don't, we'll review 
it in chapter 13) 


m 
n= M (this equation is provided for you on the AP exam) 


Substituting this value for n, you obtain 


am P 
VM RT 
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(Equation 7.10) 


(> 
caution “М 
Make sure you are 
on the lookout for 
diatomic elements 


when you obtain 
molar masses! 


(Equation 7.11) 
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If you look carefully at this equation, you will note that the left side of the 
equation now contains mass divided by volume, which is equal to the density 
of a material. If we move the molar mass (M) to the right side of the equation, 
we get 


m PM 


V RT 


m 
Since d= y we can substitute d into the equation, yielding 


PM 
RT 


One of the laboratory procedures that you are expected to know involves 
the determination of molar mass from gas density. In the sample calculation 
that follows, you will solve for the density of a gas, but understand that a 
simple rearrangement of the equation allows you to solve for the molar mass. 


Sample: A sample of oxygen gas, O,, is in a container, inside which the 
pressure is 0.75 atm and the temperature is 323 K. Determine the density of 
this sample of O, in grams per liter. 


Answer:The given information is listed as 
P = 0.75 atm T=323 К M = 32.0 g mol! 


Note that the molar mass was not given, but since it is needed, we can find 
it from the periodic table. If you have forgotten how to do this, see Chapter 13. 
Substituting our given information into the equation, we can solve for d: 


PM (0.75 atm)(32 g mol!) 
= RT = (0.0821 L atm mol! K‘)(323 K) = 0.91 g L-1 


You Try It! 

A sample of butane gas, C4H,,. was collected from a disposable lighter. 
What is the density of butane at 1.00 atm and 300 K? 

Answer: 2.36 g 17! 


DALTON’S LAW OF PARTIAL PRESSURES 


So far, we’ve limited our discussion to samples containing a single gas. 
Quite often, however, you are confronted with mixtures of gases (e.g., air). 
In 1801, John Dalton determined a relationship between gases in a mixture 
that is now referred to as Dalton’s law of partial pressures. What he 
discovered is that the total pressure of a mixture of gases is equal to the sum 
of the pressures that each gas would exert if it were present alone. Expressed 
mathematically, this means that 


P = P, + P, +P... (This equation is given to you on the AP exam) 


Where Р, is the total pressure, P is the pressure of gas A, and so on. 
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While it may be obvious to you, itis worth stating that the total number of 
moles of gas in the sample is also equal to the sum of the number of moles 
of each gas in the sample 


n, =n th * ne... 


From this expression, it is possible to determine what percentage of a 
mixture is accounted for by a given substance. This is done by determining 
a quantity known as the mole fraction, which is defined as X, (where A is 
a variable that represents a gas in the mixture): 


This equation is useful because it allows us to determine the partial 
pressure of a gas if we know the total pressure and the amount present. The 
partial pressure of the gas will be proportional to the mole fraction of the gas 
in the mixture. This can be expressed as an equation 


P, =P • X, (This equation is give to you on the AP exam) 


Finally, there is one more aspect of partial pressures that must be included. 
Most of the partial pressure problems that appear on the AP exam involve 
gases that have been collected over a liquid. (In other words, they have been 
collected by displacement of the liquid, usually water.) The significance of 
this is that in the container, along with the collected gas, is vapor from the 
liquid, so the pressure in the collection vessel is the sum of the pressure of 
the gas and the vapor. Since we know that the total pressure in the container 
is equal to the sums of the individual pressures, it is possible to determine 
the pressure of the gas using the expression 


ym = Р, = Pino 
This equation can be used whether the gas is collected over water or some 
other liquid. If it is another liquid, substitute the vapor pressure of that liquid 


for the vapor pressure of water. 


Sample: Oxygen gas is collected over water at 28 °C. The total pressure of 
the sample is 785 mm Hg. At 28 °C, the vapor pressure of water is 28 mm 
Hg. What pressure is the oxygen gas exerting? 


Answer: Using equation 7.14, simply substitute the given values into the 
equation: 


Ba tape 785 mm Hg — 28 mm Hg = 757 mm Hg 


gas 
This problem is fairly representative of the partial pressure problems on the 
multiple-choice portion of the exam. On the free response, the questions are 
more complex. 


(Equation 7.12) 


(Equation 7.13) 


(Equation 7.14) 
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You Try It! 

Hydrogen gas, liberated from a reaction between hydrochloric acid and zinc, 
is bubbled through water and collected in an inverted graduated cylinder at 
22 °C. The pressure of the gas mixture is 765 mm Hg. The vapor pressure 
of water at 22 °C is 20 mm Hg. What is the partial pressure of the hydrogen 
gas? 


Answer: 743 mm Hg 


Sample: A mixture of gases contains 1.5 moles of oxygen, 7.5 moles of 
nitrogen, and 0.5 moles of carbon dioxide. If the total pressure exerted by the 
mixture is 800 mm Hg, what are the partial pressures of each gas in the 
mixture? 


Answer: To solve this problem, we need to use equations 9.12 and 9.13. The 
percentage of the total pressure exerted by each gas will be proportional to 
its percentage of the number of moles. 

To begin, we can calculate the total number of moles (which is needed in 
equation 7.12). The total number is = (1.5 mol O,) + (7.5 mol N,) + (0.5 mol 
СО») = 9.5 moles 

This will be used to determine the mole fractions. 

For oxygen, the calculation is completed by: 


1.5 mol 
9.5 mol 


Poy = Р, ° Xo, = 800 mm He | = 126 mm Hg 


Repeating this process for nitrogen and carbon dioxide we find: 


77.5 mol 
Py, = P, ° Х,, = 800 mm Hg 9.5 mol = 632 mm Hg 
0.5 mol 
Poo = P, * Xe) = 800 mm Hg 9.5 mol = 42 mm Hg 


As a quick check, you can add the three partial pressures together— 
they should equal the total pressure: 


126 mm Hg + 632 mm Hg + 42 mm Hg = 800 mm Hg. 


You Try It! 

A mixture of gases contains 1.00 moles H,, 4.00 moles of O,, and 1.50 moles 
N,. If the total pressure of the mixture is 760 mm Hg, what is the partial 
pressure of the oxygen gas? 


Answer: 468 mm Hg 
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KINETIC-MOLECULAR THEORY 


The kinetic-molecular theory consists of five postulates about gases. These 
postulates are assumptions from which gas behavior is explained. Every- 
thing discussed so far in this chapter is consistent with kinetic-molecular 
theory. The five postulates of the theory are 


1. The size of a gas molecule is negligible in comparison to the distance between 
gas molecules. That is, in a sample of a gas, most of the sample consists of 
empty space. Gas particles are very small and very far apart. 

2. Gas molecules move randomly in straight-line paths in all directions and at 
different speeds. This means that ina sample of gas, there is an equal probability 
of finding gas particles with similar properties anywhere in the sample. You 
won't have a closed flask where all of the gas particles are on one side of the 
flask. 

3. The attractive or repulsive forces between gas particles are considered very 
weak or negligible. This can be explained because the particles are moving 
quickly and are far apart. 

4. When gas particles do collide, the collisions are elastic. An elastic collision is 
one in which the particles bounce off each other in such a way that the energy 
each particle leaves a collision with is exactly the same as the energy it had just 
before it collided. No kinetic energy is lost. 

5. The average kinetic energy of a molecule is proportional to the absolute 
temperature. 


In your AP Chemistry class you may have discussed the derivations for the 
equations that follow. The AP exam does not have any questions that require 
depth of understanding of the physics of particle movement. You are 
required to be familiar with and comfortable using a few equations, and we 
will discuss their use. Their origins are a combination of experimental data 
and some basic physics involving the properties of gas particles, such as 
force, velocity, and acceleration. 


Kinetic Energy of a Gas Sample 


Postulate 5 states that the average kinetic energy of a molecule is propor- 
tional to the absolute temperature. This also means that the kinetic energy 
of a sample of molecules will be proportional to the absolute temperature. 
The equation that describes this behavior is 


3 
КЕ, „= RT 
This equation requires the use of one ofthe other values for R. Kinetic energy 
is measured in joules, so the expression on the right side of the equation must 
yield joules. The value of R, referred to as the molar gas constant in this 
expression, should be 8.31 J mol"! K-!. Thus, the expression will yield the 
joules per mole of a sample. If the average kinetic energy of an entire sample 


(Equation 7.15) 
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(Equation 7.16) 


(Equation 7.17) 


(Equation 7.18) 
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of gas is required, then the number of moles of gas must be entered into the 
equation. This equation, which is provided on the AP exam formula sheet, is 


3 
KE ve - QURE 


Note how the units on the right will now equal joules. Also note how the 
average kinetic energy will be directly proportional to the absolute temperature. 


Behavior of Single Molecules 


Single gas molecules move randomly in straight-line paths. Each time they 
collide, either with another gas molecule or with the sides of a container, they 
will bounce off with no loss in kinetic energy (1.е., undergo an elastic 
collision). The kinetic energy of a particle can be determined using the 
following expression: 


KE= — 

where v is the velocity of the molecule. Velocity is a vector that represents 
distance traveled per time interval. The reason it is a vector is that the 
distance actually represents a change in the molecule's position through 
three-dimensional space, thereby giving it a distance and a direction. For 
your purposes, you needn't worry about this distinction. If you think of 
velocity as being equivalent to speed (speed is a scalar quantity—that is, it 
doesn't include the direction of motion), you'll be fine. 

If you recall postulate 5 of the kinetic-molecular theory, the average 
kinetic energy of a molecule is proportional to the absolute temperature. 
Nothing is said about the mass or velocity, which are the terms in equation 
7.17. Whatthis means is that all gas particles present in a sample possess the 
same average kinetic energy, regardless of their size. This also means that 
in order for equation 7.17 to be valid, molecules of larger mass must be 
moving more slowly than small molecules. 


Root Mean Square Velocity 


Animportant consideration about energy and speed within a sample of a gas 
is that the particles within the sample do not all have the same energy or the 
same speeds. Instead, they possess a variety of speeds and energies. 
However, it has been observed that most of the particles in a sample tend to 
have speeds and energies near the average speeds and energies. There are 
increasingly fewer particles found farther away (either higher or lower) from 
the averages. The speed of an individual particle, possessing an average 
kinetic energy, is described as the root-mean-square (rms) molecular speed 
and can be described by the equation 


3RT 
Uns = 
M 


Chapter 7: States of Matter— Gases 


Some important conceptual information you should know from this 
equation is that the speed of a molecule is directly related to the absolute 
temperature and inversely related to the molar mass. More massive particles 
are, on average, slower. 


Sample: Calculate the rms speed of nitrogen gas (N,) particles in a tank that 
has a temperature of 27 °C. 


Answer: The first important thing to note is that the temperature is given in 
degrees Celsius and must be converted to Kelvin. The second important 
consideration is the units of the molar gas constant, R. The Joule is a unit of 
energy that represents a Newton meter (N-m) in physics. The Newton is a 
unit of force equivalent to the amount of force required to accelerate a 1 kg 
mass at 1 m/s?. Why does this matter, you might ask? Because it means that 
a Joule can be described as a Newton meter, which is 1 kg m?/s?. Can you 
see the problem yet? The mass unit associated with Joules is the kilogram. 
Molar mass is usually expressed in grams/mole. To use the rms equation, 
you have to convert your mass units to kg. 

Once you have converted the temperature to kelvins, you need only 
substitute the numbers into equation 9.18 


ЗЕТ _ |3(831J mor ' K '(300 K) F 
Ums = = 3 1 = 517 05 
М 28.0х10 kg mol 


You Try It! 
А sample of carbon dioxide was ina container, held at a constant 57 °C. What 
is the rms speed of the CO,? 


Answer: 432 m 57! 


GRAHAM'S LAW OF EFFUSION 


It is important that you understand the difference between diffusion and 
effusion, although the terms are similar. Diffusion is the movement of 
particles from an area of high concentration (high partial pressure) to an area 
of low concentration (low partial pressure). A good example of diffusion 
would be when a student walks into a classroom wearing way too much 
fragrance—pretty soon, everyone becomes aware of it. The high concentra- 
tion of particles on the person moves throughout the room to areas of lower 
concentration until the concentration becomes uniform (hopefully, by this 
time your nose will have become desensitized to the odor). 

After reading the previous section, you may wonder why it takes so long 
for particles to spread around a room. After all, you just solved problems 
where speeds average around 400 to 500 meters per second. Molecules 
should be able to move across a room in a fraction of a second at that rate. 
They would—if there were no other molecules in the room. Because there 
are other particles, each molecule will encounter a number of collisions 
along the way. This continually changes the direction of molecules, which 
affects the time it takes for them to reach you. 


(5 

Wn 
CAUTION 
While the AP exam 
tends to convert 
temperatures to 
kelvins for gas law 
problems, they will 
often leave them in 
Celsius, on kinetic- 
molecular theory 
questions. Be on 
the lookout for 
that. Any problems 
involving tempera- 
ture of gases 
require absolute 
termperature, 
regardless of what 
you are given! 
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(Equation 7.19) 


NOTE > 
Typically, the 
lighter gas is 
assigned as gas 1. 
This assures that 
your ratio will be 
greater than 1.00. 
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Ifa gas was placed in a container thathad a tiny hole in it, and this container 
was placed into a second evacuated container, the gas would leak out of the 
hole and into the second container. This process, where a gas escapes 
through a tiny hole, is known as effusion. If you have ever woken up and 
been terribly disappointed by a helium balloon (the latex ones especially) 
lying on the floor instead of floating nicely as it had the day before, you have 
seen the results of effusion. The helium atoms effused through the tiny pores 
in the latex. Mylar balloons don’t have as many pores, which slows the 
effusion. Graham’s law of effusion states that when a gas, maintained at a 
constant temperature and pressure, leaks through a particular hole, the rate 
of effusion is inversely proportional to the square root of the molecular 
weight of the gas. The mathematical expression of Graham’s law is derived 
from equation 7.18 and has the form 


1 
Rate of effusion © VM 


This expression is rarely used in this form, but instead has been trans- 
formed into an expression that allows you to compare the rates of effusion 
of two gases. This equation, which is provided for you on the AP formula 
sheet, is 


From a conceptual standpoint, the equation tells you that larger molecules 
will effuse more slowly than smaller particles. Mathematically, the equation 
provides a number that tells you the ratio and the effusion rates of gases 1 and 
2. If the ratio is greater than 1.00, gas 1 is effusing more quickly than gas 2. 
If the ratio is less than 1.00, gas 2 is effusing more quickly than gas 1. 

Because both conceptual and numerical problems have appeared on the 
AP exam, let's do a sample problem of each type. 


Sample: Equal numbers of moles of He(g), O,(g), and СО (е) are placed in 
a glass vessel at room temperature. The vessel has a pinhole-sized leak, and 
the gases are allowed to effuse fora brief period of time. Rank order the gases 
remaining in the container, from the gas with the highest partial pressure to 
the gas with the lowest partial pressure. 


Answer: Since you know that the rate of effusion is inversely related to the 
square root of the molar mass, you know that the larger the molar mass, the 
slower the rate of effusion. Therefore, the gas with the smallest molar mass 
will effuse at the greatest rate. 

The trick in the question is that you are asked for the amounts that remain 
in the container. This means that the gas with the fastest rate of effusion will 
be the least plentiful gas in the container (more of it will have effused). 

The molar masses of each gas are: He =4 g mol“, O, 32 g mol !, and CO, 
= 44 g mol". Therefore, He will have the greatest rate of effusion, followed 
by oxygen, and finally CO,. This means that helium will have the lowest 
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partial pressure, followed by O,, and finally СО, which will have the highest 
partial pressure. 


You Try It! 

A balloon is filled up with one mole of hydrogen (H,) molecules. A second 
identical balloon is filled with one mole of He, molecules. After some time 
has elapsed, which balloon is smaller? 


Answer: H,, because the smaller molecules escape more quickly. 


Sample: Two gases, SO, and NO,, are placed in a container at a constant 
temperature and pressure. Calculate the ratio of effusion rates of the 
molecules. 


Answer: The first thing to notice here is that the equation for calculating the 
ratio of effusion rates requires a distinction between gas 1 and gas 2. Since 
no such distinction is made in the problem, the decision about what to label 
each gas is arbitrary. However, because the lighter gas is typically labeled 
as gas 1, that's how we shall proceed. 

You will use equation 7.19 to solve this: 


We will assign NO, as gas 1 and SO, as gas 2. Therefore, 


rate of effusion of NO, "i Е ES g mol | —118 


rate of effusion of SO, i Myo, 46.0 g mol! 


What this means is that NO, effuses at a rate 1.18 times greater than SO,. 
This is because, on average, NO, particles move 1.18 times faster than SO, 
particles. 


You Try It! 
Calculate the ratio of effusion rates of helium (He) and neon (Ne) gases from 
the same container and at the same temperature and pressure. 


Answer: 2.25 


DEVIATIONS FROM THE IDEAL GAS LAWS 


Most of the time, real gases approximate the ideal gas closely enough to use 
the ideal gas law equation. There are some circumstances, however, when 
the deviations between real and ideal gases become significant. The main 
sources for deviation arise from postulates 1 and 3. Postulate 1 asserts that 
the size of a gas molecule is negligible in comparison to the distance between 
gas molecules. Under most circumstances, this is true because the particles 
in a gas are very far apart. The distance between particles is also critical in 
postulate 3, which asserts that the attractive or repulsive forces between gas 
particles are negligible and also reasonable when the gas particles are very 
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far apart. Problems start to occur, however, when the molecules get closer 
together. There are two situations when this will occur: high pressures and 
low temperatures. 

When a gas is under high pressure, the distance between gas particles 
becomes much smaller, which allows for more opportunities for particles to 
interact. These interactions can be significant, especially when the gases are 
capable of intermolecular attractions. For example, a polar molecule, like 
SO, in the gaseous state, is capable of attracting other SO, molecules by 
dipole-dipole interactions if the particles get close enough together. High 
pressures force the molecules closer together and increase the likelihood of 
attractions, which decrease the ideal nature of a gas. (In the next chapter, you 
will examine in more depth the role of pressure on the state of a substance.) 

Lowering the temperature also has an impact on the ideal nature of a gas. 
At low temperatures, the movement of gas particles begins to decrease. As 
the movement decreases, there are more opportunities for intermolecular 
attractions. 

So, at high pressures or low temperatures, the behavior of gases will tend 
to deviate from ideal gas behavior. The amount of deviation also depends on 
the type of gas. Johannes van der Waals proposed an equation that was based 
on the ideal gas equation but that made corrections for the volume 
of a molecule (postulate 1) and the amount of molecular attraction (postu- 
late 3). The van der Waals equation (which is provided for you on the AP 
exam) is 


2 
[ps uy —nb) = nRT 


where a and b are known as van der Waals constants and are different for 
each gas. The constant a is associated with the deviations due to molecular 
attractions, and constant b is associated with deviations due to molecular 
volumes. Values of a and b tend to increase as the mass and complexity of 
a gas increases. This should make sense since these conditions would be the 
most likely to affect postulates 1 and 3 of the kinetic-molecular theory. 


Sample: The van der Waals constants for He and SO, are listed below. 


Substance a (L?-atm mol?) b (L mol!) 
He 0.03412 0.02370 
SO, 6.714 0.05636 


Assume that you have separate samples of 1.00 mole of the gas in a 22.4 L 
container at 273 K. If these gases were ideal gases, they would exert a 
pressure of 1.00 atm (per the equation PV = nRT). Using the van der Waals 
equation, calculate the pressures exerted by 1.00 moles of He and SO, in 
identical 22.4 L containers at 273 K. 
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Answer: This is a very long problem—and you won't be asked to solve a 
problem this complex on the AP exam. It can also show you the degree to 
which different gases deviate from ideal behavior. 

Let's begin with He. The first thing you need to do is rearrange the 
equation to solve for P. This is easily done in two steps: 


2 
na 
С us Jo — nb) = nRT ; divide each side by (V — nb) 


2 2 
n'a n'a 
[n + y? Jo —nb) = nRT ; next, isolate P by subtracting vt from each side 


p. "RT na 
(V-nb) V? 


Substitute the given information (Note: because of the units of a and b, it 
is necessary to use the ideal gas constant R = 0.0821 L-atm moLl'K^): 


_ (1.00 mol)(0.0821 L — atm mol 'K !)(273 K) 
Е (22.4 L (1.00 mol)(0.02370 L тог") 


(1.00 mol)? (0.03412 L? — atm mol?) 
(2241)? 


Р = 1.002 atm – 6.80 х 10? atm = 1.002 atm 


In this case, the second value, 6.80 x 1075 atm, is very small, which 
indicates thatthe main cause forthe tiny deviation from ideal behavior is due 
to the volumes of the molecules rather than intermolecular attractions. This 
should make sense if you recall that a tiny atom, like He, is nearly incapable 
of creating any London dispersion forces. 

Now for the second gas, SO,. This is a much larger molecule, so we will 
predict some differences from He. Following the same procedure as you did 
for He, substitute the values for SO, into the final equation: 


po "RT na 
(V-nb) V? 
(1.00 mol)(0.0821 L — atm mol "K (273 К) 
" (22.4 L – (1.00 mol)(0.05636 L mol!) 


1.00 mol) (6.714 L? — atm mol? 
( 
(QALY 


P = 1.003 atm — 0.0134 atm = 0.9896 atm 


The value of 1.003 atm is slightly larger than that of He, owing to the fact 
that the larger SO, molecules occupy more total space, which means they 
will experience more collisions with the container than He atoms. The much 


177 


www.petersons.com 


178 Par Ill: AP Chemistry Review 


www.petersons.com 


higher correction factor for molecular attractions (0.0134 atm) is higher than 
He because the much larger molecule is more capable of intermolecular 
interactions than He. 


You Try It! 

1.00 moles of nitrous oxide gas, N,O, is introduced into a 22.4 L container 
at a temperature of 273 K. Determine the pressure using van der 
Waals equation. The van der Waals constants for N,O are a = 3.782 L^-atm 
mol”, and b = 0.04415 L mol! 


Answer: 0.995 atm 


12 
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Summary: States 
of Matter—Gases 


. The gas laws and the kinetic molecular theory describe gas temperatures using 


the Kelvin, or absolute, temperature scale. Gas volumes are usually described 
in liters, and gas pressures are described in terms of atmospheres, or mm Hg. 


. Boyle's law states that pressure and volume are inversely proportional at 


constant temperatures. 


. Charles's law states that volume and temperature are directly proportional at 


constant pressures. 


. Gay-Lussac'slaw states that pressure and temperature are directly proportional 


at constant volumes. 


. Avogadro's hypothesis states that equal volumes of gases at the same tempera- 


ture and pressure will contain equal numbers of molecules. At STP, the volume 
of one mole of gas is approximately 22.4 liters. 


. Avogadro's law states that volume is directly proportional to the number of 


moles of a gas at constant temperature and pressure. 


. The ideal gas law, PV = nRT, describes the behavior of any ideal gas. The 


equation can be used to derive any of the other gas laws. 


. Dalton's law of partial pressures states that the total pressure in a mixture of 


gases is equal to the sum of the pressures that each individual gas exerts. 


. When gas samples are collected over a liquid, the total pressure exerted by the 


gas sample includes the vapor pressure of the liquid. In order to determine the 
pressure exerted by the gas alone, the partial pressure of the liquid must be 
subtracted. 


. The kinetic molecular theory consists of five postulates: 


e The size of a gas molecule is negligible in comparison to the distance 
between gas molecules. 


e Gas molecules move randomly in straight-line paths in all directions 
and at different speeds. 


e The attractive or repulsive forces between gas particles are considered 
very weak or negligible. 


e When gas particles do collide, the collisions are elastic. 


e The average kinetic energy of a molecule is proportional to the 
absolute temperature. 


. Graham’s law of effusion states that the rate at which a gas effuses is inversely 


proportional to the molecular weight of the gas. 

Under conditions of high pressure and low temperature, real gases begin to 
deviate from ideal gas behavior. The van der Waals equation can be used to 
determine the behavior of a real gas. 
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REVIEW QUESTIONS 


1. Asample of helium gas is in a container at 30 ?C. If the temperature is raised 


to 60 °C, the average kinetic energy of the atoms will change by a factor of 
(A) 1/2 


MI: 
(B) 4303 
(C) 333/303 


(D) 2 
(E) 4 


. Exactly 4.0 g of helium gas, He, is placed into a container at constant 


temperature and pressure. Next to the container of helium is a 28.0 g sample 
of nitrogen gas, М», placed in an identical container at the same temperature 
and pressure as the helium. From the list of statements below, select all that 
are TRUE: 


I. The number of atoms of He is identical to the number of molecules of 
N,. 
П. The average kinetic energy of the He atoms is the same as the average 
kinetic energy of the nitrogen molecules. 
III. The average speed of the helium atoms is the same as the average 
speed of the nitrogen molecules. 


(A) I only 

(B) II only 

(C) III only 

(D) I and II only 
(E) L IL, and III 


. A sample of helium gas is collected in a container with a tiny hole in it. The 


helium gas (M = 4 grams) effuses at a rate of 0.2 moles per minute. If a sample 
of methane gas (M = 16 grams) is allowed to effuse under the same conditions, 
the rate of CH, effusion will be 


(A) 0.1 moles per minute. 
(B) 0.14 moles per minute. 
(C) 0.2 moles per minute. 
(D) 0.4 moles per minute. 


(E) 0.8 moles per minute. 


Chapter 7: States of Matter— Gases 181 


4. Asample of 13.40 grams of a gas at 127.0 °C and 2.00 atmospheres pressure 
has a volume of 5.00 liters. What is the identity of the gas? Assume ideal 
behavior. The gas constant, R, is 0.0821 L atm mol! K-t). 


(A) He ( molar mass = 4.00 g) 
(B) N, (molar mass = 28.0 g) 
(C) О» (molar mass = 32.0 g) 
(D) Ne (molar mass = 20.2 g) 
(E) CO, (molar mass = 44.0 g) 


5. If you collected a sample of 3.50 moles of hydrogen gas, Н», and heated it in 
a 10.00 L container to a temperature of 300 K, how much pressure would the 
H, exert on the container? 


(A) 873 atm 
(B) 86.2 atm 
(C) 16.5 atm 
(D) 8.62 atm 
(E) 0.776 atm 


6. 3.00 moles of nitrogen gas, N,, and an unknown amount of hydrogen gas, H,, 
are mixed together in a container. The total pressure in the container is 1000 
mm Hg. If the partial pressure of nitrogen in the container is 750 mm Hg, how 
many moles of hydrogen gas must be present? 


(A) 0.5 moles 
(B) 1.0 moles 
(C) 1.5 moles 
(D) 2.0 moles 


(E) not enough information 


7. ^ chunk of calcium carbide is placed into a container of water, and the 
acetylene gas that is formed is bubbled through water into an inverted 
graduated cylinder. The pressure inside the graduated cylinder is 800 mm Hg, 
and the temperature is 27 °C. What is the partial pressure exerted by the 
acetylene gas? (The vapor pressure of water at 27 ?C is 27 mm Hg.) 


(A) 800 mm Hg 
(B) 827 mm Hg 
(C) 27 mm Hg 
(D) 773 mm Hg 
(E) 54 mm Hg 
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8. A sample of carbon dioxide gas, СО», is in a container, inside which the 


10. 


1. 


pressure is 1.25 atm and the temperature is 300 К. What is the density of this 
sample of CO, in grams per liter? 


(A) 0.022 g L~! 
(В) 1.42 gL! 
(С) 2.23 g L7? 
(D) 5.00 g L7 
(Е) 24.8 617! 


. An unknown quantity of methane gas, CH,, is held in a 2.00-liter container 


at 77 °C. The pressure inside the container is 3.00 atm. How many moles of 
methane must be in the container? 


(A) 0.21 moles 
(B) 0.95 moles 
(C) 1.05 moles 
(D) 4.8 moles 
(E) 0.5 moles 


Which of the following is most likely to deviate from ideal gas behavior? 
(A) Н, 

(B) He 

(C) Ne 

(D) № 

(E) CCl, 


Free Response 


Three large, identical balloons are filled with 22.4 L of gas at STP. The three 
gases are helium (He), hydrogen (Н,), and sulfur hexafluoride (SF,). What 
follows is a list of statements about those three balloons. Comment on the 
accuracy of the statements, using specific details to support your argument/ 
comments. 


(A) Because hydrogen is the smallest particle, the balloon with hydrogen 
will contain the largest number of moles of gas. 


(B) The kinetic energies of the molecules compare as follows: 
SF, < He < H, 


(C) SF6 will deviate the most from ideal gas behavior. 


(D) One day after filling the balloons, all three will have decreased in size 
by the same amount. 
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“~S Hydrochloric 
acid 


Figure 7.2 


2. A small sample of mossy zinc was placed into a reaction vessel, as shown in 
Figure 7.2. Hydrochloric acid was added, and the hydrogen gas that was 
generated was bubbled through water into a gas collection tube filled with water. 
When the reaction reached completion, the gas collection tube was nearly full. 
The gas was allowed to sit for several minutes. The collection tube was then 
adjusted so that the level of water in the tube was equal to the level of the water 
outside the tube. The volume of gas was determined to be 47 mL, and the 
temperature of the water was 22 °C. The barometric pressure in the laboratory 
was 745 mm Hg. The vapor pressure of water at 22 °C is 19.4 mm Hg. 


(A) Calculate the number of moles of hydrogen gas produced. 


(B) Explain why it was necessary to allow the gas to sit in the tube for 
several minutes before determining its volume. 


(C) Explain why it was necessary to adjust the level of the tube so that 
water levels inside and outside of it were the same. 


(D) Explain why the vapor pressure of water is given. 
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ANSWERS 


1. The correct answer is (C). The big trap here is the degrees Celsius. The fact 


that the second temperature is exactly two times greater than the first tempera- 
ture makes it very attractive to think that the kinetic energy will double. Wrong! 
The kinetic energy is proportional to the absolute temperature scale. On this 
scale, the ratio of 60/30 becomes (60 + 273)/(30 + 273) or 333/303. 


. Thecorrect answer is (D). There are two ways that you can gain support for 


I. First, the mass of each sample represents one mole of the gas. Knowing that 
thereisone molein each container allows you to say that the number of particles 
in each container is the same. However, a second way to get the same answer 
is Avogadro's hypothesis, which states that equal volumes of gases at the same 
temperature and pressure will contain equal numbers of molecules. Because the 
containers are the same size (volume) and atthe same temperature and pressure, 
you can assume they have equal numbers of particles. Support for II comes 
from the kinetic-molecular theory, which states that the average kinetic energy 
of gas particles is proportional to the absolute temperature. Because the 
containers are at the same temperature, it can be said the gases have the same 
average kinetic energies. There is no support for III, however. Kinetic energy 
is measured using the formula 14 mv, where v represents the speed of the 
particles. Kinetic molecular theory tells us that the product of these numbers 
will be the same for both gases, but because the masses of each gas are different, 
it is impossible for them to have the same speeds. Nitrogen, the heavier gas, 
will, on average, travel much slower than helium. 


. The correct answer is (A). There is a quick way to solve this and also a long 


way. The quick way is to remember that Graham's law states that the rate of 
effusion is inversely proportional to the square root of the molar mass. You can 
see pretty quickly that the molar mass of methane is 4 times that of helium. The 
square root of 4 is 2, meaning that helium will diffuse two times faster than 
methane. The longer way is to actually set up the equation r!/r? = 4 |M,/M, 
and solve for 7?. 


. Thecorrect answer is (E). Using the ideal gas equation PV = nRT, and solving 


for n, you get 0.3045 moles. Dividing the mass ofthe sample by the molar mass 
yields 44.0 g, which is the molar mass of CO). 


. The correct answer is (D). Another ideal gas equation. This time, all values 


are in the appropriate units, so you just need to plug and chug. 


. The correct answer is (B). You know that P, = P, x4. If you try setting this up 


for the hydrogen, it gets a little more complicated. Always remember what you 
aregiveninaproblem. You know how many moles of nitrogen gas you have. You 
also know the total pressure and the partial pressure of nitrogen. Therefore, you 
can use the given information to figure out the total number of moles in the 
mixture. Once you know this, you can quickly determine the amount of hydrogen. 
750 mm Hg = 1000 mm Hg ( 3/x). Solving for x, you find it to be 4. That means 
there are four moles in the mixture. Three of these are nitrogen, so the other one 
must be hydrogen. Note: There are other ways to solve this problem—this one 
is relatively straightforward and easy to solve, so it was selected. 
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7. The correct answer is (D). Remember, whenever you collect a gas sample 
over water (or another liquid), the total pressure reflects the pressure of the gas 
sample AND the vapor pressure of the water. To determine the pressure of the 
gas, you must subtract the vapor pressure of the water from the total pressure. 
еур, = 800 mm Hg – 27 mm Hg = 773 mm Hg 

8. The correct answer is (C). Density can be calculated using the equation d = 
PM/RT. All values are already in the units of R, so plug and chug. (1.25 
atm)(44.0 g/mol)/(0.0821 L atm/mol K)(300 K) = 2.23 g/L 


9. The correct answer is (A). Ideal gas equation. Temperature is in Celsius, so 
it will need to be converted to Kelvin. n = PV/RT = (3.00 atm)(2.00 L)/(0.0821 
L atm/mol K)(350 K) = 0.21 moles 


10. The correct answer is (E). When considering particles, remember that larger 
or more complex molecules will most likely deviate from ideal gas behavior. 
This is due both to their increased volume and to their increased likelihood of 
molecular attraction. 


water 


Free Response 1 
(A) Wrong! Avogadro's hypothesis tells us that equal volumes of gases at 
constant temperature and pressure will contain equal numbers of 
moles of the gases. These balloons all have equal volumes, and each 
is at the same temperature and pressure. Therefore, size has nothing to 
do with this. 


(B 


— 


Wrong again! One of the postulates of kinetic-molecular theory is that 
the average kinetic energy of a gas is directly related to the absolute 
temperature of the gas. Mass and volume have nothing to do with it. 
The gases are all at the same absolute temperature; therefore, they 
will all have the same average kinetic energies. 


(C) This statement is correct. The sulfur hexafluoride molecule has a 


— 


much larger volume than the other molecules and is much more likely 
to experience molecular attractions than the other two molecules. 
These two factors will make this molecule most likely to deviate from 
the key postulates in the kinetic-molecular theory (that size of the 
molecule is negligible and that molecular attractions are negligible). 


(D) Wrong! Graham's law of effusion states that the rates of effusion are 
inversely related to the square root of the molar mass. This means that 
smaller particles will effuse more quickly than larger particles. All 
three balloons will get smaller at different rates, which means they 
will be different sizes on the next day (hydrogen will be smallest, 
followed by helium, and then sulfur hexafluoride). 
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Free Response 2 


(A) This is a laboratory procedure that you are expected to have per- 


(B) 


(C) 


formed and know for the AP exam. While setting up this calculation, 
we will actually be answering some of the following questions. You 
will use the ideal gas equation to solve the problem. Therefore, you 
will need to know the pressure, volume, and temperature of the gas. 
The pressure of the gas will equal the total pressure of the mixture 
minus the vapor pressure of water (which is present in the gas 
collection tube, along with the hydrogen). The total pressure of the 
gas is equal to the atmospheric pressure in the room. Therefore, the 
pressure of the hydrogen gas is equal to 745 mm Hg – 19.4 mm 

Hg = 725.6 mm Hg (726 mm Hg). Remember, the ideal gas equation 
requires atmospheres, so this will need to be converted to atmo- 
spheres. 726 mm Hg x 1 atm/760 mm Hg = 0.955 atm. The volume of 
the mixture is 47 mL, but the ideal gas equation requires liters, so this 
will need to be converted to liters. 47 mL = 4.7 x 102 L. The tempera- 
ture of the gas is assumed to be the temperature of the water, which is 
22 °C. This will need to be converted to K. 22 °C = 295 K. Now you 
are ready to substitute your data into the equation: PV = nRT; n = PV/ 
RT = (0.955 atm)(4.7 x 1072 L)/(0.0821 L atm/mol K)( 295 К) 

= 1.85 x 10-3 mol H2 


The gas must sit in the tube so that the temperature of the gas will 
equilibrate with the temperature of the water. This is necessary 
because the temperature of the water is the only known temperature 
and therefore is the temperature used in the gas equation. 


When the water level inside the tube is the same as the water level 
outside the tube, this is an indicator that the gas pressure inside the 
tube is equal to the air pressure outside the tube. Because in your lab 
there is no way to directly measure the gas pressure inside the tube, 
this allows you to determine the pressure by direct comparison to 
atmospheric pressure. Atmospheric pressure can therefore be substi- 
tuted into the gas equation. 


(D) The vapor pressure of water must be given because the gas in the 


collection tube is actually a mixture of hydrogen gas and water vapor. 
By subtracting the vapor pressure of water, you can determine the 
partial pressure of the hydrogen gas in the mixture. 


Chapter 


States of Matter— 
Liquids and Solids 


In the previous two chapters, you looked at the basic composition of matter 
and the characteristics of the gaseous state of matter. One common theme in 
each of those chapters was the presence of intermolecular forces that occur 
between particles. In Chapter 5, you were introduced to the three main types 
of these forces: hydrogen bonding, dipole-dipole interactions, and London 
dispersion forces. In Chapter 7, you saw how real gases don't behave quite 
like ideal gases. That is, real particles do have mass and volume and exert 
attractions on other particles. This accounts for deviations between real 
behavior and ideal behavior. It also explains why gases under different 
combinations of pressure and temperature can be liquefied. In this chapter, 
we will revisit intermolecular forces and discuss their roles in the liquid and 
solid states. In addition, we will look at the effects of chemical bonding on 
the behavior of solids. We will also look at different diagrams that are useful 
when studying the different states of matter. 


GENERAL CHARACTERISTICS 
OF GASES, LIQUIDS, AND SOLIDS 


Before you continue, you should have a good feel for the differences 
between the three main states of matter at the particle level. Figure 8.1 
provides a graphic representation of what is described in the next three 
paragraphs. 


Figure 6.1 


187 


МАММА 


ROAD MAP 


e General Characteristics 
of Gases, Liquids, 
and Solids 


* Energy and 
Phase Changes 


* Heating Curves 


* Vapor Pressure 


* Phase Diagrams 
• The Solid State 


188 Part 11: AP Chemistry Review 


NOTE 
Occasionally, 
plasma, the gas- 
eous mixture of 
ions and electrons 
that exists at 
extremely high 
temperatures, is 
classified as a 
fourth state of 
matter. Because it 
is irrelevant to our 
discussion, we are 
limiting the topic to 
the three clearly 
recognized states. 


www.petersons.com 


Gases, you will recall from Chapter 7, are characterized by particles that 
are free to move about in constant, random, straight-line motion. Under 
normal atmospheric conditions, the particles are very spread out. Gases can 
be thought of as being fluid, notin the sense that they are liquids, but that they 
can flow. They can flow freely because the particles can move past one 
another with ease. Because there is a large amount of empty space between 
the particles, gases are highly compressible. Gases essentially fill any 
container they are placed into. 

In liquids, the particles are much closer together. Liquids still share some 
of the same characteristics as gases. Although the particles are much closer 
together than they are in the gaseous state, they are generally free to slide past 
one another. Remember, the forces holding the particles together in the 
liquid state are not chemical bonds but intermolecular forces. They can keep 
the particles together, but not tightly enough to prevent them from moving. 
Because the particles can slide past one another, liquids can flow. This will 
allow them to take the shape of any container that they are placed into, but 
unlike gases, they are not able to change their volume to fill the container. 
Particles of a liquid are much closer together than a gas. As a result, liquids 
are almost completely incompressible. 

Solids are neither fluid nor compressible. The particles in a solid, which 
might be atoms, molecules, or ions, depending on the material, are tightly 
packed together into a rigid structure. The movements in a solid are limited 
to oscillations, or vibrations. Solids will maintain their shape without a 
container. 

In the previous chapter, you looked at the van der Waals equation as a way 
of taking into account the sizes of particles as well as molecular attractions. 
In this chapter, these properties become even more important in the 
consideration of liquids and solids. 


ENERGY AND PHASE CHANGES 


So far, we have talked about the three different phases of matter, but in a 
disconnected way, as though the three states have nothing to do with one 
another. As you will see, however, the three states are very much connected 
to one another. Energy is the thread that binds them all together and separates 
them. There are some terms associated with the transitions from one state of 
matter to another that you should be familiar with. 

Melting, also known as fusion, is the term used to describe a change from 
the solid state to the liquid state. A certain amount of energy is necessary to 
break the particles from the rigid solid state into this fluid state. If you take 
an ice cube from the freezer and set it on the counter, you will witness 
melting as the cube changes from the solid state to the liquid state. The higher 
kinetic energy of the particles on the counter and in the air will continue to 
transfer energy to the ice cube, causing it to melt. 

If the little puddle of water is put into a small container and placed back 
into the freezer, the water, now at a higher kinetic energy than the air in the 
freezer, will lose energy to the air particles in the freezer. When the particles 
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have lost sufficient energy, they will no longer be able to overcome the 
attractive forces that will cause them to change back into a rigid solid 
structure once again. This process of moving from the liquid state to the solid 
state is known as freezing. One thing you have to be careful of is associating 
the word freezing with cold. Many things you are familiar with, like ice 
cubes, don't freeze until they become cold. This is not true for all substances, 
however. Picture molten lava running down the sides of a volcano. As it 
cools, itis freezing, but you would hardly consideritto be cold! You will also 
learn later in this chapter that terms like "boiling" and "freezing" are related 
to pressure as well as to temperature. 

If you have ever seen dry ice “melt,” you may have noticed that there is 
no puddle left behind. The word “melts” is in quotes because the process that 
dry ice undergoes is not known as melting. Dry ice, or solid carbon dioxide, 
at normal atmospheric pressure passes directly from the solid state to the 
gaseous state, without passing through the liquid state. This process is 
known as sublimation. The reverse process is possible as well. The conver- 
sion of a gas into a solid is known as deposition. 

When a liquid changes to a gas, the process is known as vaporization 
(remember the term vapor is used to describe a gas that is normally a solid 
or liquid at room temperature). Had our melted ice cube sat on the counter 
for an extended amount of time, the water would have eventually vaporized 
into water vapor. (We frequently call this evaporation.) When the reverse 
process occurs, that is, when a gas converts into a liquid, the process is 
known as condensation. A few types of condensation that you are probably 
quite familiar with would be the formation of liquid on the outside of cold 
drink glasses and dew forming on grass or plants. 


HEATING CURVES 


A heating curve provides you with a nice summary of the previous informa- 
tion while also presenting you with some new information. Heating curves 
are obtained from the gradual heating of a substance from the solid state to 
the gas state at a constant atmospheric pressure. As you'll see in a later 
section, changes in pressure have an impact on changes of state. For now, 
we will limit ourselves to atmospheric pressure. 

You may have done a lab at one point where you made a heating curve for 
water or a similar substance. The way you would do this would be to obtain 
asample of ice at a temperature below zero and begin to slowly heat it while 
closely monitoring the temperature. Heating curves are sometimes plotted 
with temperature overtime. The diagram we are referring to has temperature 
plotted against energy. If you follow Figure 8.2, you will see that initially, 
the added heat is used to change the temperature of the ice, but, at this point, 
no melting takes place. Once the temperature of the ice reaches 0 °C, it will 
begin to melt. There is a period of time, however, when the ice is melting and 
heat is continually added, but the temperature does not increase. This is seen 
as the first plateau on the graph. What is happening during this plateau, and 
why doesn't the temperature change? The temperature remains constant 
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because all of the energy that is being added to the system is being used to 
break the strong attractive forces that lock the particles in the rigid solid 
state. The amount of energy that is required to completely convert the solid 
to the liquid is known as the heat of fusion. 


Temperature 


Energy/Heat added 


Figure 8.2 


Once all the particles have broken free from this solid state (i.e., the solid 
has melted), then the added heat causes an increase in the motion of the 
particles and a subsequent increase in temperature. This temperature in- 
crease will continue at a fixed rate (determined by the type of substance). 
While the substance is getting hotter, a small number of particles are 
evaporating, but the bulk of the material remains in the liquid state. Once the 
water or other material reaches its boiling temperature (at atmospheric 
pressure), vaporization will take place. Once again, however, the heating 
curve experiences a plateau. As long as there is liquid present, the tempera- 
ture of the liquid/vapor mixture remains at the boiling temperature (for 
water, 100 ?C at 1.00 atm pressure). The heat that is being added is used to 
break apart the intermolecular attractions holding the particles together in 
the liquid state. The quantity of heat required to completely convert the 
liquid to a gas is known as the heat of vaporization. The greater the 
intermolecular attractions between particles in the liquid state, the greater 
the heat of vaporization will be. Because of the large amount of hydrogen 
bonding between water molecules, the heat of vaporization for water is very 
large. If you' veeverbeen burned by steam, you know itis extremely painful. 
That's because as the water vapor hits you and condenses, all of the heat that 
was absorbed in the vaporization process is released during condensation. 

There is a similar type of plot known as acooling curve. This provides the 
same data, except it involves heat being removed, or lost from the system, 
rather than heat being added. It is essentially a mirror image of the heating 
curve—all parts are exactly the same and represent the same processes, only 
in reverse. These types of graphs occasionally appear on the AP exam. You 
should know how to read and identify all of the parts on them. 
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Sample: 
The questions that follow are based on Figure 8.3. 


Temperature 


Energy/Heat added 


Figure 8.3 
Identify the locations on the heating curve of the following processes or 
quantities: 

A. Melting 

B. Vaporization 

C. Amixture of solid and liquid exists 

D. The substance just begins to boil 

E. The heat of vaporization 

F. Condensation 


G. The substance is totally in the liquid state 


Answers: 


A. 
B. 


C. 


Line BC. Melting begins at point B and continues until point C is reached. 


Line DE. During vaporization there is no temperature change. The process of 
vaporization begins to occur right at point D. 


Line BC. Melting begins at point B, when the substance begins to convert to 
liquid. It does not become completely liquid until point C. 


. Point D. 


. Line DE. The heat of vaporization is the amount of energy added between 


points D and E that represents all energy used to overcome all intermolecular 
forces holding the substance in the liquid state. 


. Line ED. Although condensation can occur at temperatures below the boiling 


temperature, a heating curve is not designed to show changes. Those are more 
apparent in a phase diagram (discussed later in the chapter). Condensation 
begins at point E, where energy is released as particles begin to rejoin into the 
liquid state. 


. Line CD. During this period, all added energy increases the temperature of the 


liquid. 
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You Try It! 
Examine the cooling curve in Figure 8.4, and answer the questions that 
follow. 


Temperature 


Energy/Heat added 


Figure 8.4 


Identify the locations on the heating curve of the following processes, or 
quantities: 

A. Freezing 

B. Condensation 

C. А mixture of solid and liquid exists 

D. The heat of vaporization 


E. The substance is totally in the liquid state 


Answers: 
A. Freezing: W to Y 


B. Condensation: U to V 

C. A mixture of solid and liquid exists: W to Y 

D. The heat of vaporization: U to V 

E. The substance is totally in the liquid state: V to W 


VAPOR PRESSURE 


In the previous chapter, you learned that in a sample of a gas, the individual 
gas particles had various amounts of kinetic energy. Some had more than 
average, some had less. The same is true for any collection of particles, even 
liquids and solids. If you consider a container of water, this means that some 
of the water molecules have more kinetic energy than others. Since the 
particles are constantly in motion, they collide with one another, transferring 
some kinetic energy as they do (these collisions are not elastic). Occasion- 
ally, at the surface of the water, a particle gains enough kinetic energy to 
overcome the attractive forces exerted on it by neighboring water molecules. 
When it does, it escapes from the water into the air, becoming a gaseous 
molecule. The amount of energy required to break free from the water is 
known as escape energy. This process can occur at any temperature, 
however, one thing that should be remembered is that at higher tempera- 
tures, a larger percent of molecules in the liquid will be able to attain the 
escape energy (they're already closer to it in a hotter liquid). Another thing 
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that should be remembered is that when a molecule possessing a higher 
kinetic energy leaves, the total kinetic energy of the water decreases. This 
is why evaporation is considered a cooling process. If you have ever felt a 
breeze blow by when you are wet, either with sweat or with water, you know 
that you get cooler. In dry climates, like the desert Southwest, many homes 
use evaporative coolers. These cooling systems use a large fan and special 
pads that are housed in a unit atop the house that are constantly soaked with 
water. Hot air from the outside, with the help of the large fan, is cooled 
through evaporation as it passes through the web pads. The cooled airis then 
blown into the house. 

Now consider a container of water that is sealed, like a tightly sealed jar 
that is half-filled with water. If you leave the jar on a shelf for an extended 
period of time, the level of water should remain constant (assuming there is 
a good seal on the jar). Does this mean that evaporation is not taking place 
in the jar? Certainly not! Here's how it works: Particles on the surface still 
leave the liquid and begin to enter the gas (air) above the liquid. However, 
in the sealed jar they have nowhere to escape to, so they will continually 
bounce around up in the top of the jar. Some may bounce off of the lid; others 
may bounce off the glass, while some will collide with other molecules of 
gas in the air space. And then there are those that will collide with the water 
surface. Some ofthe water molecules that strike the surface, especially those 
that have lost some kinetic energy due to collisions, will not have sufficient 
energy to leave again. That is, they will reenter the liquid state. For a period 
of time after the jar is sealed, the number of particles moving from the liquid 
to gas state will exceed the number of particles returning from the gas state 
to the liquid state. However, as the number of particles entering the gas state 
increases, so will the number of gas particles entering the liquid state. This 
will happen until the particles in the jar reach a certain point, known as 
dynamic equilibrium, where the rates at which particles are leaving and 
reentering the liquid will be equal. Many people share the misconception 
that everything stops at this point. Nonsense! It only looks that way because 
the rate at which evaporation and condensation occur are equal, but both 
processes are still occurring. If you're not convinced, poke a hole in the 
bottom of a Styrofoam cup. Then try filling it with water. If you fill it faster 
than it can drain, it will fill up. If you fill it up slower than it can drain, it will 
stay empty. But if you fill it up at the exact same rate as it is draining, the 
water level will stay the same, even though it is filling and draining at the 
same time. 

The particles that have entered the gas state are now bouncing around 
in the top part of the jar. As they do so, they are colliding with everything 
around them. This creates vapor pressure, which is the pressure exerted by 
the vapor when the liquid and gas states are in dynamic equilibrium. 


Factors Affecting Vapor Pressure 


Ifyou think about ita bit, the factors that affect vapor pressure should not come 
as any surprise. The first one is temperature. As temperature increases, so does 
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the average kinetic energy of the particles in the liquid (and the gas above it). 
As a result, more particles can reach escape energies and those that have 
escaped can exert more force (due to their increased energy) on their 
surroundings. If you recall from the chapter on gases, for any problem where 
a gas was collected over a liquid (like water), you had to take into account the 
vapor pressure of water. That's because you had a closed container over the 
water catching the gas. While it was catching the gas, it was also catching the 
water vapor that had escaped from the liquid. You also may have noticed that 
the amount of water vapor was listed for given temperatures. That was because 
the vapor pressure of water (or any liquid) is affected by temperature. 
Another thing that affects vapor pressure is volatility. A volatile liquid 
is defined as a liquid that attains relatively high vapor pressures at normal 
temperatures. An easy way to think of it is that liquids evaporate quickly at 
room temperature. If you've ever seen a gasoline spill on the ground on a hot 
day, you may have noticed that it dries up quickly. Gasoline is a volatile 
liquid and evaporates quickly. In a closed container, it acquires a high vapor 
pressure. Things that don't evaporate quickly, like cooking oil, have a very 
low volatility. There are some solids that are considered volatile, such as 
solid room deodorizers and mothballs (which contain naphthalene or para- 
dichlorobenezene). These materials sublime; therefore, they can be consid- 
ered to have a vapor pressure at standard temperatures and pressures. 


Relationship between Boiling Point and Vapor Pressure 

You may have been a little confused by the sudden switch from cooling 
curves to vapor pressure, but here is where the two topics come together. 
When does a liquid boil? If you are thinking of your experience with water, 
you may answer, “When it gets hot enough" or When it reaches the boiling 
temperature." However, neither of these is really correct. A liquid boils 
when the vapor pressure of the liquid equals the external pressure. If you’ re 
talking about an open container, like a pot on a stove, external pressure 
means atmospheric pressure. When the two pressures are equal, that’s when 
you see the bubbles start to form in the boiling liquid. Now, if the 
atmospheric pressure happens to be 1.00 atmospheres and the water is pure, 
then water will boil at 100 °C. However, water can be made to boil at room 
temperature if you drop the pressure low enough (like in a bell jar over a 
vacuum pump). By affecting the boiling temperature, vapor pressure affects 
the way food is cooked (no, this isn’t trivia time—this has actually been on 
previous AP exams!). At high elevations, there is less atmospheric pressure. 
That means that the vapor pressure of the water does not have to be as high 
for boiling to occur. If yourecall fromthe heating curve, once the water starts 
to boil, it won't get any hotter. That means at higher altitudes, water boils at 
a lower temperature than at lower altitudes. It takes longer to cook foods at 
high altitudes. There is also a cooking device known as a pressure cooker. 
These are pots that seal up tightly so that the pressure above the liquid can 
build up higher than atmospheric pressure (there are valves that prevent 
them from exploding). Because the external pressure is higher, the liquid in 
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the pot can heat above the normal boiling temperature and cook more 
quickly. 

Pressure does not have nearly the same affect on the melting/freezing 
point of a liquid as it does on the boiling point. 


Sample: If you lived on top of a very high mountain and you made a cup of 
hot coffee using water boiled in an open pot on the stove, how would it's 
temperature compare to a cup of coffee made at sea level? 


Answer: It would be lower. At high altitudes, the vapor pressure reaches 
equilibrium with the atmospheric pressure and lower temperatures (because 
of the decreased atmospheric pressure at high altitudes). At sea level, water 
boils at a higher temperature. 


You Try It! 
How will the time it takes to hard-boil an egg compare at higher altitudes? 


Answer: It will take longer because of the lower boiling temperature of 
the water. 


Other Properties of Liquids 


We've looked at the vapor pressure of liquids, but we haven't really 
discussed in detail the factors that contribute to the vapor pressures or 
volatilities that are characteristics of liquids. The factors are all based on the 
intermolecular forces from Chapter 5. Perhaps a few things will start to fall 
into place for you. In the last section, we were looking at the molecular 
processes that occur during evaporation. If you recall, a particle had to 
possess enough energy to escape from the liquid state to enter the gas state. 
But what keeps it from leaving? In other words, what is keeping it in the 
liquid state? Most of this can be answered with the key words intermolecular 
attractions. The stronger the attractive forces are that hold particles together, 
the more force will need to be exerted to pull them apart. Looking back at 
some of the questions in Chapter 5 about boiling points, this might make 
more sense to you now. Consider the examples of methane, ammonia, and 
water. Water is the only liquid at room temperature. (Don’t confuse 
ammonia with ammonium hydroxide, the solution we called “household 
ammonia.”) Why? Because it is a very polar molecule, it is capable of 
forming strong hydrogen bonds between neighboring molecules. It takes a 
lot more energy to get the particles apart. That’s why it remains in the liquid 
state at higher temperatures than the others. Ammonia is capable of some 
hydrogen bonding, but not at the same degree as water. Its boiling tempera- 
ture is between water and methane. Methane has the lowest boiling point 
because it is a nonpolar molecule, bound only by dispersion forces. 


Viscosity 

Intermolecular attractions are the primary cause of this phenomenon, 
viscosity, or the thickness of a liquid. In general, liquids containing larger 
molecules or liquids with greater intermolecular forces between molecules 
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are thicker liquids. Motor oil and corn syrup are fairly viscous liquids. 
Increasing the temperature of a liquid generally decreases its viscosity. 


Surface Tension 

Cohesive forces between particles in a liquid cause the phenomenon known 
as surface tension. The term “cohesive” refers to the forces between 
particles of a substance. It’s what we’ve been calling intermolecular 
attractions. Surface tension occurs because there is an uneven attraction 
between particles on the surface of a liquid. 


Figure 8.5 


These uneven forces on the surface cause the molecules to pack more 
tightly together and create a more rigid surface. 

Another type of force that can occur is known as adhesion, or adhesive 
force. These are the forces that bind different substances together. An 
example of adhesive forces (other than adhesive tape!) is the way that water 
adheres to different materials. When you first learned how to read a 
graduated cylinder, you had to learn to compensate for the meniscus, or the 
curved part on the surface of the liquid. The meniscus forms when you put 
water into a graduated cylinder because the adhesive force between the 
water molecules and the glass is stronger than the cohesive forces holding 
the water molecules together. 


PHASE DIAGRAMS 


For the most part, our discussion about states of matter and phase changes has 
been limited to temperature effects. The heating and cooling curves are 
illustrations of temperature effects on state. In the section on vapor pressure, 
you were introduced to the idea that variations in pressure can also cause 
changes in state. When water boils at low temperatures, it clearly illustrates 
that there are really two external factors involved in changes of the state of 
water: temperature and pressure. In this section, you will begin to review the 
effects of pressure on state. This will be done with the help of phase diagrams, 
which are diagrams that provide a graphical representation of the states of 
matter for a substance under all variations of temperature and pressure. 
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Figure 8.6 


Phase diagrams contain a variety of information at various levels of 
complexity. The broadest distinctions are the three large areas that are 
contained on the graph. Referring to Figure 8.6, most of the left side of the 
chart (those portions above and to the left of the lines connecting points B- 
A-C) represents those temperatures and pressures at which the substance 
being shown exists as a solid. On the right, below the lines connecting B-A- 
D, are the temperatures and pressures at which the substance exists as a gas. 
The V-shaped region between the lines connecting C-A-D represents the 
liquid state. The lines themselves represent the temperatures and pressures 
at which the states on either side are in equilibrium. For example, the line B- 
A represents the temperatures and pressures where the gas state and the solid 
state are in equilibrium. Line A-C represents the temperatures and pressures 
at which the solid and liquid states are at equilibrium, and the curve A-D 
represents the equilibrium states between liquid and gas. 

Two other special features on the diagram are designated by black dots. 
The dot at point D, known as the critical point, represents the critical 
temperature and the critical pressure (the point at which the liquid state no 
longer exists, regardless of the amount of pressure). The other dot represents 
the intersection of the three lines, known as the triple point. The triple point 
represents the temperature and pressure at which all three phases coexist 
simultaneously. 

Although they aren't labeled, all of the phase changes listed earlier in the 
chapter are also detectable on the phase diagrams. The equilibrium lines, 
mentioned earlier in this section, represent those places where phase 
changes occur. For example, at any of the locations along line A-C, a 
transition from left to right represents melting. 

The phase diagram in Figure 8.6 is the diagram for water, which is not 
representative of most substances. The main difference is the transition from 
solid to liquid, line A-C. For most substances, this will have a slightly 
positive slope. You will note that in the diagram for water, the slope is 
negative. The positive slope for most substances means that as pressure 
increases, so does the melting temperature. This should make sense on an 
intuitive level. Increasing pressure will squeeze the particles closer together, 
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meaning it will take more energy to break them apart. Water, however, is one 
ofthe few substances whose liquid state is more compactthan the solid state. 
In the solid state, water is less dense than it is in the liquid state, whichis why 
ice floats on top of water. The reason that ice expands is because the crystals 
in solid H,O arrange themselves in an organized hexagonal structure that 
takes up more space than the less organized, but more compact, arrangement 
of the liquid water molecules. 


Sample: Use Figure 8.7 to answer the following question. 


Pressure 


Temperature 


Figure 8.7 


Which point represents the equilibrium between the liquid and gas phases 
during vaporization? 


Answer: The correctansweris D. The entire line from C to the critical point 
E represents equilibrium between the liquid and gas phases. 


You Try It! 
Referring to Figure 8.7, indicate the pointon the graph that represents a pure 
solid below its melting point. 


Answer: The correct answer is A. 


THE SOLID STATE 


The particles in a solid are held together with sufficient force to maintain a 
rigid structure. In some cases, these forces consist of intermolecular forces, 
while in others, chemical bonds. Solids are typically classified according to 
the types of forces that hold the particles together. When classified this way, 
the four types of solid are molecular, ionic, covalent network, and metallic. 


Molecular Solids 


Just like the name suggests, these solids are composed of molecules that are 
held together by intermolecular forces of attraction. Ice would be a perfect 
example. Relative to the other solids, these tend to have much lower melting 
temperatures. This is easy to remember because they are not held together 
with chemical bonds, whereas the others are. 
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lonic Solids 


Ionic solids are actually crystalline salts composed of oppositely charged 
ions that are held together by electrostatic attraction (ionic bonds). If you 
recall from Chapter 5, the charged particles indiscriminately bond to other 
oppositely charged particles, forming large groupings of charged particles. 
The arrangements tend to be highly regular, a result ofthe similar attractions 
and repulsions that each specific ion has in the crystal. A crystal lattice is 
composed of a number of identical subunits, known as unit cells, that stack 
like building blocks around and about each other in a highly ordered fashion. 
The ionic bonds are very strong bonds, and, as aresult, ionic solids have high 
melting points. As you read in Chapter 5, the strength ofthe bonds is usually 
measured in terms ofthe lattice energy, orenergy required to separate a mole 
of a solid ionic compound to a mole of gaseous ions. The stronger the 
attraction is between the ions in a crystalline solid, the larger the lattice 
energy. Another characteristic of salts is that they are fairly easy to shatter. 
The reason for this is that the unit cells are arranged along planes, and when 
the crystal is hit, these planes will slide past one another slightly, causing 
electrostatic repulsions between neighboring ions. These repulsions, which 
occur when ions that were aligned with oppositely charge ions priorto being 
hit, move slightly so that they are briefly realigned with like-charged ions. 


Covalent Network Solids 


These solids are formed from atoms that are bonded covalently into large 
structures. These are some of the strongest solids due to their very stable 
covalent bonds. Some of the most common examples are graphite (carbon 
atoms), diamond (carbon atoms), and quartz (silicon dioxide). These mostly 
have high melting temperatures. Many of these structures, like diamond, аге 
extremely hard and resist shattering. The atoms in the solid do not necessar- 
ily determine the properties of the solid. For example, graphite and diamond 
are both composed of carbon atoms, yet their properties are entirely 
different. This is due to the arrangement of the carbon atoms in the solid. In 
diamond, the carbon atoms arrange themselves in rigid three-dimensional 
structures, whereas in graphite, the carbon atoms arrange themselves in long 
flat sheets. 


Metallic Solids 


Metallic solids have a very wide variety of properties. Their structures tend 
to be highly ordered; the metal atoms arranging themselves into regularly 
packed structures, with the loosely held valence electrons delocalized about 
the nuclei. While melting points vary a tremendous amount (melting 
temperatures range from below room temperature to above 3500 ?C), there 
are some characteristics that are shared. Most metals are good conductors of 
electricity due to the loosely held valence electrons. In addition, metals are 
malleable (they can be hammered/molded into different shapes) and ductile 
(they can be drawn into wires). This is because the atoms are free to slide past 
each other and are not restricted by rigid ionic or covalent bonds. 
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Sample: In which of the following processes are covalent bonds broken? 
(A) Вг(1)  Br;(g) 
(B) H,O(s) > H5O(g) 
(C) KCl(s)  KCI()) 
(D) SiO,(quartz) — SiO, gas(g) 
(E) Cu(s) 2 Cu(1) 
Answer: The correct answer is (D). SiO, (quartz) is a covalent network 
solid. Therefore, in its crystalline form, the rigid solid structure is main- 


tained by covalent bonds. The other examples only involve the breaking of 
various intermolecular forces. 


You Try It! 

Select the process that would require the most energy: 
(A) Au(s) > Aull) 
(B) CH4OH(1) 5 CH4OH(g) 
(C) SrCI s)  SrCLO) 


Answer: The correct answer is (C). Melting a stable ionic compound will 
require much more energy than breaking most intermolecular forces, 
especially the vaporization of an alcohol, choice (B), and the melting of a 
soft metal like gold. 
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Summary: States of Matter— 
Liquids and Solids 


e Gases are characterized by their low density, high compressibility, and 
fluidity. 

* Liquids are virtually incompressible and fluid and maintain a constant 
volume. 


e Solids are incompressible and maintain a constant volume. 


* Melting and freezing are terms to describe the conversions between the 
solid and liquid states. The amount of energy that is absorbed or released 
in this process is known as the heat of fusion. 


e  Vaporization and condensation are terms used to describe the conver- 
sions between the liquid and gaseous states. The amount of energy 
absorbed or released in this process 15 known as the heat of vaporization. 


* When matter converts directly from the solid to the gaseous state it is 
known as sublimation. The reverse is called deposition. 


* Heating curves are graphical representations ofthe temperature changes 
of a substance as it changes state from solid to gas, plotted as a function 
of energy absorbed (or time). Cooling curves show the reverse of this 
process. 


* '[he vapor pressure of a substance in a closed system is the pressure 
exerted by a vapor that is in dynamic equilibrium with the liquid state. 
Intermolecular forces are the main factors that determine vapor 
pressure. 


* The boiling point of a liquid is the point at which the vapor pressure of 
the liquid is equal to the external pressure. As a result, the boiling 
temperature is affected by pressure, including pressure changes due to 
altitude. 

* Phase diagrams are graphical representations of the relationships be- 
tween pressure, temperature, and the state of a substance. You should be 
able to read and interpret phase diagrams for the AP exam. 


* Solids are usually described according to the forces that hold the 
particles together. The four types of solids are molecular solids, ionic 
solids, covalent network solids, and metallic solids. 
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REVIEW QUESTIONS 


1. I-propanol, CH,CH,CH,OH, boils at 97 °C and ethyl methyl ether, 


CH,CH,OCH,, boils at 7 °C, although each compound has an identical 
chemical composition. The difference that is responsible for the higher 
boiling temperature is 


(A) molar mass. 

(B) hydrogen bonding. 
(C) density. 

(D) specific heat. 

(E) enthalpy. 


. Which of the following is true at the triple point of a pure substance? 


(A) The temperature is equal to the normal melting point. 
(B) All three states have identical densities. 


(C) The solid-liquid equilibrium will always have a positive slope moving 
upward from the triple point. 


(D) The vapor pressure of the solid phase always equals the vapor pressure 
of the liquid phase. 


(E) The pressure is exactly one-half the critical pressure. 


For questions 3—5, use the key below. Select the description that best 
describes the substance. 


(A) A network solid with covalent bonding 
(B) A molecular solid 

(C) An ionic solid 

(D) A metallic solid 


- Dry ice, solid carbon dioxide, CO, 
. Diamond, solid C 
. Brass, a mixture of copper and zinc 


. The critical temperature of a substance is the 


(A) temperature at which the vapor pressure of the liquid equals normal 
atmospheric pressure. 


(B) highest temperature at which a substance can exist in the liquid state, 
regardless of pressure. 


(C) temperature at which boiling occurs at 1.0 atmosphere of pressure. 
(D) temperature and pressure where solid, liquid, and vapor phases are all 
in equilibrium. 


(E) Point at which pressure and temperature are less than 0. 
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7. When the liquid metal mercury, Hg, is placed in a small tube, the meniscus 


actually curves upward, just the opposite of water. The reason for this is that 
(A) the cohesive force is greater than the adhesive force. 

(B) the adhesive force is greater than the cohesive force. 

(С) the density of mercury is much larger than water. 


(D) the density of mercury is much greater where it is in contact with the 
glass. 


(E) mercury is less volatile than water. 


Questions 8—11 refer to the phase diagram shown below: Figure 8.8 


2.5 


Pressure (atm) 


20 40 60 80 100 120 140 
Temperature (°C) 


Figure 8.9 


Use the key to answer questions 8-10 


10. 


11. 


(A) Sublimation 
(B) Condensation 
(C) Solvation 
(D) Fusion 

(E) Freezing 


. If the temperature increases from 10 °C to 60 °C at a constant pressure of 


0.5 atm, which process occurs? 


. If the temperature decreases from 100 °C to 60 °C at a constant pressure of 


1.5 atm, which process occurs? 


If the pressure increases from 0.5 atm to 1.5 atm at a constant temperature of 
100 °C, which process occurs? 


The normal boiling point of the substance is approximately 
(A) 55 °C 
(B) 65 °C 
(C) 75 °C 
(D) 85 °C 
(E) 95 °С 
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12. Which of the following explains why, at room temperature, I, is a solid, Br, 
is a liquid, and Cl, is a gas? 
(A) Hydrogen bonding 
(B) Hybridization 
(C) Ionic bonding 
(D) Resonance 


(E) London dispersion forces 


Free Response 


Question 1 


The normal melting and boiling points of oxygen are 55 K and 90 K, 

respectively. The triple point is 54 K and 1 mm Hg (1.5 x 10? atm). The 

critical point of O, is 154 K and 50 atm. 

(A) Usethe data above to draw a phase diagram for oxygen. Labelthe axes and label 
the regions in which the solid, liquid, and gas phases are stable. 


(B) If oxygen is heated from 75 K to 130 K at 1.00 atm pressure, describe any 
changes that may occur. 


(C) If pressure is increased from 1.00 atm to 40 atm at a constant temperature of 
110 K, describe any changes that may occur. 


(D) How does the density of liquid oxygen, О (1), compare to the density of solid 
oxygen, O,(s)? Explain your answer using both the data and your phase 
diagram. 


Question 2 


Give scientific explanations for each of the following items: 

(A) Students working in a lab in a mountainous region of Nevada measure the 
boiling temperature of water as 93 °C, while students in San Diego, California, 
measure the boiling temperature of water as 100 °C. Both groups have accurate 
thermometers. 


(B) Pioneers in the hot, dry, desert Southwest used to dampen their bed sheets at 
night to keep cooler while they slept. 


(C) Graphite, C(s), is a very soft material used as a dry lubricant and in the 
production of pencil “leads.” Diamond, also C(s), is an extremely hard 
material, often used in the production of industrial drill bits and saws. 
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ANSWERS 
1 


. The correct answer is (B). In 1-propanol, the oxygen is bonded to a carbon 
and a hydrogen, whereas in ethyl methyl ether, the oxygen is bonded to two 
carbons. The more polar O-H bond allows for greater hydrogen bonding than 
the C-H bonds alone. 


2. Thecorrectansweris(D). Becausethetriple pointrepresents the temperature 
and pressure at which solid, liquid, and gas all coexist, the vapor pressures will 
be identical at this point. 

3. The correct answer is (B). 

4. The correct answer is (A). 

5. The correct answer is (D). Brass, being an alloy, is simply a mixture of the 
two metals. Because it is a mixture, the metals still retain their properties as 
metals. 


6. The correct answer is (B). 


7. The correct answer is (A). The cohesive forces between mercury atoms are 
much stronger than the adhesive forces of mercury and glass. This creates a 
strong surface tension in mercury as well as the upward bulge in the test tube. 
In water, the adhesive forces are greater, which causes the molecules on the 
edge of the test tube to cling to the glass while the rest hang down from the sides. 
This is why water curves in the opposite direction. 


8. The correct answer is (A). Refer to line 8 in the diagram. 
9. The correct answer is (E). Refer to line 9 in the diagram. 
10. The correct answer is (B). Refer to line 10. 


11. The correct answer is (D). Refer to dotted line 11. Note that this is the 
temperature at which liquid and vapor states are in equilibrium at | atm 


pressure. 

2.5 
_ 2.0 
E 9 
ec 
2 1.5 
$ 1.0 
а 10 

8 
э 
20 40 60 80 100 120 140 
Temperature (°С) 
Figure 8.10 


12. The correct answer is (E). These are nonpolar diatomic molecules. The only 
intermolecular force between them is London dispersion force. The largest 
molecule, I,, will have the greatest forces, followed by Br, and L. 
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Free Response 


Question 1 
(A) See Figure 8.11. 


50 


Critical 


| 
| 
| point 
| 

| 


Pressure (atm) (not to scale) 


Temperature (K) 


Figure 8.11 


(B) Note line (b) in Figure 8.11. The liquid oxygen will vaporize to oxygen gas 
under these conditions. 


(C) Note line (c) in Figure 8.11. The oxygen gas will condense to liquid oxygen. 


(D) The density of liquid oxygen is lower than solid oxygen. You can tell this by 
the positive slope of the equilibrium line separating the solid and liquid states. 
Increasing pressure along this line leads to an increase in the melting tempera- 
ture, indicating a more dense state with additional intermolecular attractions. 


Question 2 


(A) At higher elevations, atmospheric pressure is lower. As a result, the boiling 
point (which is the point at which the vapor pressure is at equilibrium with the 
atmospheric pressure) will also be lower. In San Diego, the city is essentially 
at sea level, where you would expect to find atmospheric pressures very close 
to 1.0 atmosphere. 


(B) This process takes advantage ofthe cooling effects of evaporation. Asthe water 
evaporates from the sheet (which it is guaranteed to do, given the hot, dry 
climate), the average kinetic energy ofthe water molecules stillin the sheet will 
decrease. This decrease in average kinetic energies is felt as a decrease in 
temperature, or a cooling. 


(C) While both forms of carbon are network solids, the structure of graphite is large 
sheets of molecules that easily slide past one another. In diamonds, however, 
the carbon atoms bond both vertically and horizontally, allowing for much 
more rigid three-dimensional structures, some of the hardest known. 


Chapter 


Solutions 


Inthelasttwo chapters, you reviewed properties of solids, liquids, and gases. 
In this chapter, you will review the processes that occur when two different 
substances mix together to form a homogeneous mixture. Remember from 
your general chemistry class: homogeneous mixtures are uniform through- 
out, while heterogeneous mixtures have separate parts (or phases). An 
example of a homogeneous mixture is salt water. The salt and water are 
mixed together, but you can't distinguish the salt from the water. Homoge- 
neous mixtures are also called solutions. An important characteristic of a 
solution (homogeneous mixture) is that you can separate it using ordinary 
means. The salt can be separated from the water by evaporating the water 
away. Heterogeneous mixtures have distinct parts, like a handful of iron 
filings mixed in with a handful of sugar. Like homogeneous mixtures, the 
materials have not reacted chemically—they just happen to be in the same 
place at the same time. The sugar and iron can easily be separated either with 
amagnet (attract the iron) or by throwing the mixture in water (dissolves the 
sugar). 

There are two major divisions in a discussion of solutions: solution 
formation and solubility equilibria. The first topic deals with the mecha- 
nisms by which solutions form— different ways to describe solutions, 
factors that affect solution formation, and some of the physical properties of 
solutions. Those are the domain of this chapter. Solubility equilibria are 
discussed in Chapter 14, after you've had a chance to review the concept of 
equilibrium. 


MEASURING CONCENTRATION 


A solution is a mixture of two or more things that blend together in a uniform 
way. When this occurs, one material dissolves in the other. The material that 
is dissolving is known as the solute. The substance that it is dissolving in is 
called the solvent. There are a variety of ways to describe the amount of 
solute that is found in the solvent. 


Popular Terminology 


You may see concentration described in common terms out in the real world. 
Forexample, you might see a bottle of vinegar that says 5% onit. That means 
that out of 100% of the solution, 5% is actually vinegar (acetic acid). Other 
percentages are given by mass. The concentrated hydrochloric acid that you 
use in the lab is purchased in bottles that are 37% НСІ. That means that for 
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every 100 g of solution, 37 g are actually НСІ. Still another popular 
description of solutions is parts per million (ppm). This is used to describe 
very dilute solutions, for example, the amount of available chloride ion 
found in a swimming pool of water. On the AP exam, you are unlikely to 
encounter these terms, but they help to give you a broader understanding of 
units of concentration. 


Chemistry Terminology 


The three typical ways to describe solutions in chemistry are the mole 
fraction, molarity, and molality. The term normality is occasionally used, 
but the College Board specifically states that itis not on the test, so we’ ll skip 
it. The mole fraction is the same mole fraction we discussed in chapter 9. 
The mole fraction of substance A is expressed as: 


_ moles А 
^ total moles 


Molarity describes the number of moles of solute per liter of solution. 
Many students get this last part mixed up. They think it means per liter of 
solvent. No! To clarify, we can consider an example of making a solution. 
If you wanted to make a 2.0 M solution of sodium hydroxide (NaOH), you 
would weigh out 2.0 moles (80.0 g) of solid sodium hydroxide and transfer 
it to a 1.00 liter volumetric flask. You would then add water until you had 
exactly 1.00 liters of solution. You don't add 1.00 liters of water! To 
calculate molarity, you simply divide the moles of solute by the liters of 
solution. For substance A, the molarity would be 


moles A 


^ liters of solution 


Sample: Your lab partner has just made a solution for you to use in a lab but 
says she forgot the molarity. She remembers that she weighed out 83.0 g of 
KI and added enough distilled water to equal 500 ml of solution. What is the 
molarity of the KI? 


Answer: First, remember that molarity is expressed in moles of solute per 
liter. You know that the mass is expressed in a gram value, so the first thing 
to do is convert that to moles. Once you've done that, you will be able to 
determine the molarity. 


] mol 
83.09 KI x ——— > 
g 166 g KI = 0.5 mol 


Atthis point, you are ready to substitute your information into the molarity 
equation: 


_ moles А _ 0.5 mol KI 
~ liters of solution 0.5 liters of solution — 


A 1.0 M KI 


Your lab partner has mixed a 1.0 M solution of KI. 
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You Try It! 
You are supposed to mix 250 ml of a 0.1 M solution of Pb(NO,), solution 
(molar mass = 331.2 g). You would need to mix g of Pb(NO,), with 


enough water to make 250 ml solution. 
Answer: 8.28 g 


Molality is a bit different. It is calculated as the moles of solute per 
kilogram of solvent. Two main differences here: first, you are measuring 
units of mass instead of units of volume, and second, you are using only the 
amount of solvent in the denominator. That's where the confusion usually 
comes from with molarity. With molarity, you are dividing the moles by the 
amount of solution, whereas in molality, you are dividing the moles by the 
amount of solvent. To calculate the molality of a solution where substance 
A is dissolved in some solvent, you would use the equation 


moles A 


mM, = 
^ kilograms of solvent 


The AP formula sheet does not use the variable for molality because it 
would be the same as mass. Instead, the sheet writes the word “molality” in 
the equation. 

For dilute aqueous solutions (solutions where water is the solvent), the 
molarity and molality are very similar. This is because 1.00 L of water has 
a mass of 1.00 kilogram (at 4 °C, anyway). 

Because molality is only based on mass values, it does not vary with the 
temperature of the solution. Molarity, on the other hand, does vary slightly 
due to changes in the volume of a solution at different temperatures. 


Sample: What is the molality of a solution that has 27.0 g of potassium 
chromate (K,CrO , molar mass 194.2) dissolved in 110.0 g of water? 


Answer: Thereis more than one way to solve this problem. There are certain 
steps in common with all of them, however. The first step we'll perform is 
to determine the number of moles in 27.0 g of K,CrO : 


] mol 
194.2 g K,CrO, 


27.0 g K,CrO, x = 0.139 mol K,CrO, 


The molality requires us to know the moles of solute per kilogram of 
solvent. We will convert our information into moles per g of solvent, and 
then into kilograms. 


0.139 mol K,CrO, 
110g H5O 


1000 g 
] kilogram 


= 1.26 m 


Note: This final step could also have been calculated without the conver- 
sion factor by expressing the mass of water in kilograms: 
0.139 mol K,CrO, 
0.110 kg H,O 


=1.26m 


(Equation 9.3) 


NOTE 
One important note 
about the AP exam 
formula sheet: on 
the formula sheet, 
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the molar mass is a 
bold italic M, while 
the molarity is just 
an italic M. Make 
sure you know your 
formulas well 
enough that you 
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two. 
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You Try It! 

A solution is prepared by dissolving 25.0 g of methanol (CH,OH, molar 
mass 32.0 g) with 80 g of ethanol (C,H,OH, molar mass 46.1 g). What is the 
molality of the solution? 


Answer: 9.77 m 


SOLVATION 


Solvation is the name of the process where a solute is dissolved by a solvent. 
An easy example to start with is the dissolving of a polar solute, like NaCl, 
in a polar solvent, H,O. When the sodium chloride crystals are added to 
water, the polar water molecules are immediately attracted to the crystals. 
At the same time, the particles in the crystal are also attracted to the water, 
but the water molecules are free to move about while the sodium and 
chloride ions are bound to the rest of the crystal. The water molecules are 
attracted to the ions on the surfaces of the crystal. The oxygen atom in the 
water molecule, with its partial negative charge, is attracted to the positively 
charged sodium ions, while the hydrogen atoms, with their partial positive 
charges, are attracted to the negative chloride ions. Ifthe attractions between 
water and the ions in the crystal are sufficient, the ions will be removed from 
the crystalline lattice and will move out into the liquid (i.e., be dissolved"). 


©) Chloride ion 


@ Sodium ion 
дА Water molecule 


Figure 9.1 


What happens next is very similar to the equilibrium you read about in the 
last chapter between the liquid and vapor in a closed container. When the salt 
is added to the water, the water has no salt dissolved in it. Within a short time, 
the water is filled with a number of sodium and chloride ions. To really 
understand what happens next, think of the following example: Picture 
yourself throwing a handful of salt into a small container of water. You can 


Chapter 9: Solutions 211 


probably imagine that no matter what you do to the water, there will be a pile 
of salt in the bottom of the container. Not all of it will dissolve. (This is alot 
like what happens when you try to make chocolate milk with too much 
chocolate and not enough milk. No matter what you do, there is always that 
big glob of chocolate on the bottom!) The large quantity of salt begins to 
dissolve into the water. However, as the sodium and chloride ions, sur- 
rounded by water molecules, move about in the solution, occasionally they 
will collide with the salt crystals. Sometimes they will bounce off, while 
other times they will get stuck to the crystal again. The greater number of 
sodium and chloride ions that are dissolved in the water, the greater the 
probability that some will collide with the salt crystal. So while the crystal 
is dissolving in the water, it is simultaneously being reformed. 

The reason for using the example of the big pile of salt in the water is to 
make you aware ofthe equilibrium that occurs. You may be tempted to think 
that once the salt stops dissolving (1.е., when it just sits in the bottom of the 
container) all activity has stopped in the container. Don't think it! Remem- 
ber ће equilibrium system between water and water vapor? Remember that 
when that system looked like it was not doing anything, it was really in 
dynamic equilibrium? Remember that the vapor was forming at the same 
rate as the liquid? Well, the same thing is occurring here. The crystals are 
being dismantled at the same rate that they are being reconstructed. As a 
result, you don't see any changes taking place. 

A solution that is in this state, where it has dissolved as much solute as it 
possibly can at a given temperature, is called asaturated solution. Whatif you 
only put a small pinch of salt into a large container of water? Do you think it 
would all dissolve? If you said yes, you're right. Do you think you could get 
a little more salt to dissolve in the large container of water? If you said yes, 
you'd be right again. Solutions that are not yet saturated, that is, solutions that 
can dissolve more solute, are known as unsaturated solutions. There is a third 
typeofsolution, known as asupersaturated solution. These solutions actually 
have more dissolved in them than they can hold at a given temperature. The 
way these solutions are typically made is to heat the solvent (which will allow 
you to dissolve more solute), saturate the solution, and then very carefully cool 
the solution. Most supersaturated solutions are very unstable. By dropping in 
a small seed crystal or by scratching the glass inside the container (which 
creates vibrations in the solution and tiny pieces of glass), you can usually get 
the solute to rapidly precipitate out of the solution. 

You may have mixed some solutions before where, upon adding the 
solvent to the solute, the temperature began to increase. Sodium hydroxide 
releases a great deal of heat when dissolving. So do Epsom salts (magnesium 
sulfate). There are even some substances, such as ammonium nitrate, that get 
cold when dissolving. Where does this heat come from? It is known as the 
heat of solution, and there are three separate processes that determine how 
much heat will be generated and also whether the process will be exothermic 
or endothermic. At this point in the review, we have not yet discussed 
enthalpy, H. A more detailed description will occur in chapter 16. For our 
purposes in this chapter, you really only need to remember two things. First, 
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enthalpy represents the heat associated with a process. (Later we will talk 
about the heats associated with chemical reactions, but at this point we're 
limiting the focus to heats of solution, Н. also abbreviated Н) The 
second thing you need to remember is that an exothermic process, one that 
releases heat, has a negative enthalpy (АН. < 0). An endothermic process 
is one that requires heat or takes it from the environment (АН. > 0). The 
dissolving of sodium hydroxide is exothermic and ammonium nitrate is 
endothermic. 

The heat of solution is determined by three separate enthalpies associated 
with solvation. The first is the energy associated with pulling the solute 
apart. The second is associated with pulling the solvent apart, so that it can 
accommodate the solute. The third is the heat associated with solute and 
solvent interactions. If these interactions are very favorable, then dissolving 
is likely to occur. If they are not, dissolving is not likely to occur. Returning 
to our salt water example, this process is likely to occur because there is such 
a strong attraction between the polar water molecules and the sodium and 
chloride ions. However, if you throw a handful of salt into a cup of cooking 
oil, very little is likely to happen. That's because the attraction between the 
solute and solvent is so much less than the attractions between the molecules 
in the oil and the sodium and chloride ions for each other. As a result, salt, 
a polar substance, won't dissolve in a nonpolar solvent. 


Like Dissolves Like 


Though there are some exceptions, in most cases the rule “like dissolves 
like" applies. That is, polar solvents (like water) can dissolve polar solutes 
(like salts), and nonpolar solvents (like gasoline) can dissolve nonpolar 
solutes (like grease). These solvent-solute interactions have other effects on 
the properties of solutions that are the topic of the upcoming section on 
colligative properties. 


The Effects of Temperature and Pressure on 
Solubility 


In the previous section, you read about saturated, unsaturated, and super- 
saturated solutions. These terms are all related to the amount of solute that 
is dissolved into a solvent. However, you probably also know that the 
temperature of a solvent affects the amount of solute that can dissolve in it. 
The degree to which the temperature affects dissolving is something specific 
to each substance, but for most solid solutes, an increase in temperature will 
lead to an increase in solubility. There are some substances that actually 
decrease in solubility with increased temperature, but these are the excep- 
tion rather than the rule. 

The effect of temperature is opposite for gases dissolved in water. Gases 
become less soluble at higher temperatures. One of the main reasons that 
carbonated soft drinks are usually served with ice (even when they are 
already cold), is to keep them cold longer. This not only makes for a more 
refreshing drink, it maintains higher levels of dissolved CO, in the beverage. 
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Many people who try to get more drink for their money by ordering a soft 
drink without ice often find out that they have a warm, flat, syrupy mess by 
the time they get near the bottom of the cup. 

Pressure only affects solutions of gases dissolvedin liquid solvents. If you 
have ever watched a glass of soda, you probably saw the bubbles floating to 
thetop oftheliquid. These were bubbles of dissolved carbon dioxide coming 
out ofthe solution. Becausethe glassis open, the carbon dioxide that bubbles 
out of the liquid will move into the surrounding air. Over time, nearly all of 
the CO, will be gone. However, you know that a can of soda can sit on the 
shelf for a very long time and still remain carbonated. The reason is the 
container is closed. While that's probably obvious to you, what is going on 
inside the can may not be. 

The process inside a sealed container of a liquid-gas solution is very 
similarto the process of equilibrium between the liquid and vapor states that 
we discussed in Chapter 8. The gas that is dissolved in the liquid begins to 
come out of solution and enter the air space above the liquid. Over time, 
more and more particles begin to enter this space. However, as time 
progresses, gas molecules will reenter the solution. The system will come to 
equilibrium, at which point the rate at which gas particles are leaving 
solution will be the same as the rate at which particles are returning to 
solution. If the pressure above the liquid was suddenly increased, the 
molecules above the surface would exert more force and therefore return to 
solution more quickly. The rate of dissolving would increase while the rate 
of gas formation would decrease until a new equilibrium was reached. 
Usually, carbonated beverages are bottled at slightly higher pressures than 
standard atmospheric pressure. The hiss you hear when you open the bottle 
or can is the high pressure air rushing out of the container, coming to 
equilibrium with the atmospheric pressure. 


COLLIGATIVE PROPERTIES 


In Chapter 8, you reviewed heating and cooling curves in addition to phase 
diagrams. You also looked at factors that affect the boiling temperatures of 
different substances. Those substances in Chapter 8 were all pure sub- 
stances. In this section, we'll look at how the behaviors of solutions differ 
from those of a single substance. These properties that are affected by the 
presence (and amount) of a solute are known as colligative properties. The 
five colligative properties are vapor-pressure reduction, boiling point eleva- 
tion, freezing-point depression, vapor-pressure reduction, and osmotic 
pressure. 


Vapor-Pressure Reduction 


When a nonvolatile solute is added to a solvent, the vapor pressure of the 
resulting solution will be lower than the vapor pressure of the pure solvent. 
Why does this occur? To answer this, you have to remember back to our 
discussion of the equilibrium between vapor and liquid in a closed system. 
If yourecall, equilibrium is reached when the rate that particles are escaping 
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the liquid is equal to the rate that the particles are returning to the liquid. Also 
recall that these transitions take place on the surface of the liquid. Now, 
suppose you add a nonvolatile solute to the solvent. (The AP curriculum 
specifies that only the effects of nonvolatile solutes are required.) Because 
the solute is nonvolatile, it will not enter the gaseous phase above the liquid. 
What this means is that at the surface of the liquid, where particles of the 
solvent can escape, there are now some particles of the solute mixed in with 
the solvent. As a result, the number of solvent molecules that are able to 
escape will be less than the number that could have escaped in the pure 
solvent (they are blocked by the solute particles). The addition of a 
nonvolatile solute decreases the ability of solvent molecules to form vapors. 
This means that not as much vapor can form, which also means that there will 
be fewer gaseous molecules returning to the liquid state. Thus, the vapor 
pressure is reduced. 

One of the first to investigate the mathematical relationship between the 
vapor pressure reduction and the amount of solute was Francois Raoult. The 
mathematical relationship he determined is known as Raoult’s law. What 
the law states is that the partial pressure of the solvent over a solution equals 
the vapor pressure of the pure solvent times the mole fraction of solvent in 
the solution. As an equation, this becomes 


Р,=Р°,Х, 


where P^, is the vapor pressure of pure solvent and X, the mole fraction of 
the solvent. Put very simply, if the mole fraction is equivalent to 99% of the 
pure solvent concentration, the new vapor pressure will be 99% what it was 
before the solute was added. Note, the decrease of 1% would also equal 
the mole fraction of the solute. Thus, the decrease in vapor pressure would 
be 1%. 


Sample: A solution of sugar water is made by dissolving 200.0 g of sucrose, 
C -H,O (molar mass 342.3 g), in 710.0 g of pure water at 25 °C. The vapor 
pressure of water at 25 ?C is 23.76 mm Hg. Calculate the vapor pressure of 
the sugar water, assuming all of the sucrose dissolves in the water. 


Answer: We're going to use Raoult' s law to solve the problem, but we need 
to determine the mole fraction of water first. Therefore, we need to 
determine the number of moles of sucrose present in the solution, and then 
the number of moles of water present. 


For the number of moles of sucrose 


] mol sucrose 


Moles sucrose = 200.0 g sucrose x — 0.5843 mol sucrose 


342.3 g sucrose 


] mol water 


Moles water = 710.0 g water x = 39.42 mol water 


18.01 g water 
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The mole fraction of water 


_ mol H,O 
mol H,O + mol sucrose 


Xy,0 


39.42 mol H,O 
= 39.42 mol H,O + 0.5843 mol sucrose 7 75°“ 


Now that we have this number, we can use the Raoult’s law: 


Р о =Р° = (23.76 mm Hg)(0.9854) = 23.41 mm Hg 


њоХн,о 


The vapor pressure has been lowered 0.35 mm Hg by the addition of sucrose. 


You Try It! 

Glucose, C,H,,O,, is commonly mixed with water to make intravenous 
feeding solutions. What would be the vapor pressure of a solution where 
60.0 g of glucose (molar mass 180.16 g) is dissolved in 700.0 g H,O at 22°C? 


The vapor pressure of pure water at 22?C is 19.83 mm Hg. 


Answer: 19.66 mm Hg 


Ideal Solutions 


Like gases, solutions can also be thought of as ideal. Raoult's law only works 
for ideal solutions. Ideal solutions are described as those solutions that 
follow Raoult's law. Solutions that deviate from Raoult's law are nonideal. 
What makes a solution deviate from ideal behavior? The main reason is 
intermolecular attractions between solute and solvent. When the attraction 
between solute and solvent is very strong, the particles attract each other a 
great deal. This makes it more difficult for solute particles to enter the vapor 
phase. Asa result, fewer particles will enter that state and the vapor pressure 
will be lower than expected. Remember, Raoult's law operates on the 
assumption that the reason for a decrease in the number of particles leaving 
the solution is that fewer can be on the surface in order to leave. If, in addition 
to this, the solute particles are also holding more tightly to the solvent 
particles, then fewer will leave the surface than expected. The most ideal 
solutions are those where the solvent and solute are chemically similar. 

If the attraction between the solute and solvent is less than the attraction 
between solvent particles or between solute particles, then more particles 
will be able to leave the liquid and the vapor pressure will be higher than 
predicted. You should definitely keep these two conditions in mind as we go 
into the next section. 


Boiling Point Elevation 


If you remember, the boiling point for a substance is the point where the 
vapor pressure of the liquid equals the external pressure above the liquid. 
Changing the external pressure changes the boiling temperature, as we saw 
in examples of different boiling temperatures at different altitudes. Now you 
have just learned that adding a nonvolatile solute to a solvent decreases the 
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vapor pressure of the solution. That means that if you are going to try to boil 
a solution, you will have to heat it to a greater temperature than you would 
a pure solvent. To increase the amount of particles leaving the solution to a 
level equal to that of the pure solvent, you have to add more heat to the 
solution. In other words, the liquid won't boil until you’ ve added that extra 
heat (1.е., raised its temperature). 

From the conceptual level, that's why the boiling temperature increases 
when you add a solute to a solvent. That's why you pour antifreeze into a car 
radiator (it allows the temperatures of the water to increase past the normal 
boiling temperature). From a mathematical level, however, there is another 
consideration you must make. When you are solving problems about boiling 
point elevation, you need to know how much the temperature is going to 
increase and what it is going to be after a certain amount or type of solute is 
added. For this, it is important to consider the nature of the solute. 


Electrolytic Solutes 


If you throw a scoop of table sugar into water and heat it, will it have the same 
effect as a scoop of table salt? Not quite. The reason is that when sugar is 
dissolved, the crystals break apart into individual sucrose molecules. When 
salt dissolves, because it is an ionic solute (also known as an electrolyte), it 
does something a little different. It breaks into two types of particles, sodium 
ions and chloride ions, which means that there will be twice as many 
particles released into the solution as with sugar. A salt like magnesium 
chloride, MgCl,, will release three particles, one magnesium ion and two 
chloride ions. When you calculate the boiling point elevation, you musttake 
the nature of the solute into account. The way you do this is with the vant 
Hoff factor (i). For your purposes you can assume that the van't Hoff factor 
is equal to the number of ions that are produced from each unit of solute 
dissolved. For sucrose, i is 1; for sodium chloride, i is 2; and for magnesium 
chloride, i is 3. This is an oversimplification of the van't Hoff factor, but this 
explanation is more than sufficient for the AP exam. The equation for 
calculating the boiling point elevation, AT,, for a solution, which is given to 
you on the AP exam, is 


AT, = iK,m 


where i is the van't Hoff factor, K, is the boiling point elevation constant, and 
mis the molality (not the mass; on the AP exam, the equation is written with 
the word molality, instead of m). K, is specific to the solvent and is expressed 
in various units. The problems in this book and others use °C т! as units for 
K,. The AP formula sheet uses К kg mol". However, because a change of 1 
degree Celsius is identical to a change of 1 kelvin and the units for molality are 
mol kg", you should see that the units are really identical to one another. This 
applies to K, the freezing-point depression constant, as well. 
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Sample: A cook adds 50.0 g of salt (NaCl, molar mass 58.4 g) into a pot 
containing 1.00 kg of water. She then brings it to a boil. What will be the 
temperature of the boiling salted water (assuming that pure water boils at 
100°)? K, for water is 0.512 °C т^. 


Answer: You will use the boiling-point elevation formula to solve this. 
Because sodium chloride is an electrolyte, it will be necessary to use the 
van't Hoff factor in this problem. Each NaCl dissociates into one Na* ion and 
one СГ ion. Therefore the van't Hoff factor will be 2. 

Before we can substitute the data into the equation, we also need to know 
the molality ofthe solution. To calculate the molality, we need to determine 
the number of moles of salt per kilogram of water. The first step will be to 
calculate the number of moles of salt. 


1 mol NaCl 


Moles NaCl = 50.0 g NaCl x 58.4 g NaCl. 


= 0.856 mol NaCl 


Now, you're ready to determine the molality 


| moles NaCl 0.856 mol NaCl 
Molality = kg H,O = 1.000 kg H,O = 0.856 m 


Now that the molality is known, you can determine the boiling point 
elevation 


AT, = iK m = (2)(0.512 °C m^)(0.856 m) = 0.877 °C 


Therefore, the new boiling point will be 100 °C + 0.877 °C = 100.877, or 
100.9 °C. 


You Try It! 

A solution is made by mixing 255 g of strontium nitrate (Sr(NO,),, molar 
mass 211.6 g) in 1.00 kg of water. If the boiling point of pure water is 
assumed to be 100.0 ?C, calculate the predicted boiling point of the 
strontium nitrate solution. K, for water is 0.512 °C m”. 


Answer: 101.9 ?C (Remember, the van't Hoff factor will be 3.) 
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Freezing-Point Depression 


In addition to raising the boiling temperature of a solution, the presence of 
a solute will cause a decrease in the freezing temperature of a solution. The 
decrease in freezing temperature, known as the freezing-point depression, 
AT,, is best explained using a phase diagram, like those you reviewed in 
lesson 10. If you refer to Figure 9.2, note how the addition of a nonvolatile 
solute shifts the position of the curve separating the liquid and gas states. 


Pressure 


Temperature 


Figure 9.2 


This represents the vapor-pressure reduction that you already read about. 
If you trace it down to lower temperatures, however, you will notice that it 
now meets the line separating the solid and gas states at a lower position. 
Keep in mind that above the line (represented by the dotted line in the figure), 
this still represents the equilibrium between gas and liquid. Note that the 
triple point has also changed. The new freezing/melting point for the 
substance must shift to the left and begin at the point where the new dotted 
vapor pressure line crosses. As a result, the freezing temperatures for the 
substance change. Just as the presence of dissolved solute particles disrupted 
the vaporization process, they also disrupt the freezing process. The added 
particles inhibit the solvent’s ability to crystallize and therefore shift the 
freezing temperature. Like the boiling-point elevation, freezing-point de- 
pression is also affected by the number of solute particles released during 
solvation. As aresult, the formula for the freezing-point depression will also 
have to include the van’t Hoff factor. The equation is written as 


AT, = iKm 


where 1 is the van’t Hoff factor, K,is the freezing-point depression constant, 
and m is the molality. K, varies with the solvent. 


Sample: A “cool dip” (cold pool that is next to a hot tub) can be made by 
dissolving large amounts of salt in water and then chilling it. The resulting 
solution can be cooled below 0 °C, the normal freezing temperature of water. 
If a salt water solution was made with 300 g of salt (NaCl, molar mass 
58.4 g) dissolved in 1.00 kg of water, how cold could the salt water get before 
freezing? К, for water is 1.86 °C m~. 
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Answer: Once again, the solute is an electrolyte, so the van't Hoff factor 
must be used. Since NaCl will dissociate into one Na* and one CT ion, the 
value of i is 2. 

The next step is to determine the molality of the solution. To do this, we 
need to divide the moles of NaCl by the kilograms of solvent. First, however, 
we must know the number of moles of NaCl. This can be calculated by 


] mol NaCl 


[e 5.14 mol NaCl 


Moles NaCl = 300 g NaCl x 58.4 g NaCl 


The molality, therefore, will be 


5.14 mol NaCl 
Р 2 


The last step is to calculate the freezing point depression, 
AT, = iK m = (2)(1.86 °С тг)(5.14) = 19.1 °C 


The lowest the temperature can get, therefore, is 0 °C — 19.1 °C = – 19.1 °C 


You Try It! 

A solution is made by dissolving 250.0 g of potassium chromate crystals 
(K,CrO, molar mass 194.2 g) in 1.00 kg of water. What will the freezing 
point of the new solution be? K, for water is 1.86 °C m~. 


Answer: —7.18 °C 


Osmotic Pressure 


You may remember learning about osmosis in a biology class. The term 
describes the movement of water across semi-permeable membranes. Semi- 
permeable membranes allow certain sizes, or types, of particles to pass 
through, but not others. In chemistry, the term can refer to any solvent; 
however, most applications of the concept that are relevant to you involve 
water. The movement of water across the membrane helps to restore 
equilibrium to the system. In a system where two concentrations of a 
solution are separated by a semi-permeable membrane, water can flow back 
and forth through the membrane. Water, on the side of the membrane with 
the lower solute concentration, passes through the membrane to the side with 
the higher solute concentration. Likewise, water can pass from the side with 
higher solute concentration to the side with lower solute concentration. 
However, the presence of additional solute particles on the side with higher 
concentration reduces the amount of solute particles that are able to pass 
through the membrane to the side with lower concentration (much like the 
solute particles preventing the escape of solvent from the liquid to vapor 
phase). This creates a net flow of solvent into the area of highest solute 
concentration. However, the net flow of water also creates an increase in 
pressure on the side of the membrane with higher concentration of solute. 

The cause of this increase in pressure can vary depending on the system. 
Ifthe system is an open container with a membrane separating the sides, the 
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NOTE 

The units for 
molarity have been 
left as mol L* so 
you can see how 
the units of R, the 
ideal gas constant, 
will cancel them. 
Because glucose is 
a non-electrolyte, 
the van't Hoff 
factor is 1. 
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flow of water to one side will increase the volume on that side. That will 
cause the water to rise to a higher level. The mass of solution pushing down 
(due to gravity) provides the pressure in this case. If the system consists of 
the solutions on the inside and outside of a living cell, the membrane of the 
swelling cell will exert a pressure. The origin of the pressure makes no 
difference to us. The important thing is that the increased pressure increases 
the flow of water back into the area of lower concentration. Thus, the 
pressure will continue to increase until equilibrium is established. The 
amount of pressure that is required to just establish equilibrium, or to stop 
the net flow of water, is known as osmotic pressure, п. Osmotic pressure can 
be calculated using an equation that is very similar to the ideal gas law 
equation. The equation, also provided for you on the AP exam, is 


_ ORT 
V 


where R is the ideal gas constant and T is the absolute temperature. The 


T 


equation is often simplified so that the n/V is converted to the molarity, M. 
Rewritten, it appears as 


T = MRTi 


Sample: A solution is made by placing 220.0 g of glucose (C.H, ,O,, molar 
mass = 180.16 g) in a volumetric flask and adding distilled water to equal 
1.00 L of solution. Calculate the osmotic pressure at 25 °C. Glucose is a 


nonelectrolyte. 


Answer: Because you are given a mass of glucose and a volume of solution, 
you can determine the molarity of the solution, which allows us to use 
Equation 11.8. In order to determine the molarity of the solution, you will 
need to determine the number of moles of glucose in the solution. 


] mol glucose 


220.0 g glucose x = 1.221 mol glucose 


180.16 g glucose 


From this, you can determine the molarity of the solution 


ү moles solute 
olarity — -. E = 
y liters of solution 


1.221 mol glucose 
1.00 L solution 


= 1.221 mol L' 


т = МКТ! = (1.221 mol L')(0.0821 L atm mol’ K)(298 K)(1) = 29.9 atm 


You Try It! 

If you were to add 50.0 g of sodium chloride, an electrolyte (NaCl, molar 
mass 58.44 g), to enough water to make 1.00 L of solution, what would be 
the osmotic pressure of the solution at 22 ?C? 


Answer: 41.4 atm 
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Applications of Colligative Properties 


One of the laboratory requirements for the course, and also the topic of 
former test questions, is the determination of the molar mass of a substance 
from the freezing-point depression. Actually, any of the colligative proper- 
ties can be used to determine the molar mass, but the only one that you are 
required to know is the freezing-point depression method. It is easier to 
illustratethe technique within the framework of a problem, so the discussion 
of this process will be done within a sample problem. 


Sample: 100 grams of an unknown substance was dissolved in 900 g 
of water. The freezing temperature of the solution was determined to 
be —3.76 °C. What is the molar mass of the unknown substance? 
Assume that К, = 1.86 °C kg mol”. 


Answer: First of all, the value of K, (or K, for that matter) will be given to 
you. The values for water are included on the AP equation sheet. Second, 
you need to set up your equation. 
Beginning with the formula for calculating the freezing point depression 
AT, = iK m 
you must determine what you have been given and what you need to use to 
solve the problem. Because a formula is not present, nor is the van't Hoff 
factor, you have to assume that itis not needed. Because of this, you will drop 
it from the equation. The equation now becomes 
АТ, = Кт 
We have been given К, and АТ, If you substitute the given information 
right now, you will know the molality of the solution. You'll be halfway 
there at that point. 


AT, 3.76 °C 
K, 2" 1.86 °C kg mol” 
This tells us that there are 2.02 moles of the unknown substance dissolved 
in each kg of water. The problem is that the substance isn’t dissolved in 1 kg 
of water. It’s dissolved in 900 g. In the next step, you need to figure out how 
many moles are dissolved in the 900 g of water. This is accomplished by 
simply multiplying the values together (using common units, however). 
2.02 mol kg! x 0.900 kg = 1.82 mol 


At this point, you now know that 100 g of the substance is equal to 1.82 
mol, so you can easily calculate the molar mass of the solute as follows: 


т = 2.02 mol kg" 


Do m 100g 
M’ n 1.82 mol 


= 54.9 g mol 


You Try It! 

1.00 g of a nonelectrolyte is dissolved in 100.0 g of pure water. What is the 
molar mass of the solute if the freezing point of the solution is —0.103 °C? 
K, for H,O is 1.86 °С m-1. 


Answer: 181 g 
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Summary: Solutions 


Solutions are homogeneous mixtures. 


Solutions are usually measured in different concentration units. The two 
most common are molarity, moles of solute per liter of solution, and 
molality, moles of solute per kilogram of solvent. 


The process of dissolving, solvation, occurs when the attractive forces 
between solvent and solute exceed the attractive forces between solvent 
and solvent or solute and solute. 


In the process of dissolving, there is a maximum amount of solute that 
can be dissolved in a solvent at any given temperature. When this 
maximumis reached, the rate of dissolving is atequilibrium with the rate 
of crystallization. At this point, the solution is saturated. No additional 
solute will dissolve (actually dissolving still occurs, but since it is in 
equilibrium with crystallization, there is no net change in the amount of 
solute). 


A solution that has less than the amount of solute required to reach 
equilibrium is unsaturated, and a solution with excess solute is super- 
saturated. Neither of these conditions is at equilibrium. 


Many times, the dissolving process generates heat, which is to say it is 
exothermic. Occasionally solution formation is endothermic. 


Increases intemperature are usually associated with increased solubility 
of solid solutes and decreased solubility of gaseous solutes. Decreases 
in temperature are associated with decreased solubility of solid solutes 
and increased solubility of gaseous solutes. 


Increases in pressure increase the solubility of gaseous solutes, but have 
little effect on solid solutes. Similarly, decreases in pressure decrease 
the solubility of gases in liquids and have little effect on solid solutes. 


There are four main colligative properties, or properties of a solventthat 
are affected by the presence of a solute: vapor-pressure reduction, 
boiling-point elevation, freezing-point depression, and osmotic pres- 
sure. 


In general, the addition of solute to a solvent decreases the vapor 
pressure, increases the boiling point, decreases the freezing point, and 
increases the osmotic pressure of the solvent. 


In Raoult's law, solutions are believed to be ideal. That is, the vapor 
pressure of a solvent is directly proportional to the mole fraction of 
solute. 


In solutions where the solute-solute interactions, or solvent-solvent 
interactions, affect the vapor pressure, Raoult's law is not observed and 
the solutions cannot be classified as ideal. 


Solutions where the solvent and solute are chemically similar are the 
most ideal solutions. 
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REVIEW QUESTIONS 


1. 


An aqueous solution of potassium iodide, KI, is heated from 25 °C to 85 °C. 
During the time period while the solution is being heated, which of the 
following is true? 


(A) The mole fraction of solute decreases. 
(B) The mole fraction of solvent increases. 
(C) The density of the solution is constant. 
(D) The molarity of the solution is constant. 


(E) The molality of the solution is constant. 


. If you were trying to increase the amount of dissolved carbon dioxide gas, 


CO,(g), in water, which set of conditions would allow you the highest levels 


of dissolved CO,? 
Pressure of CO,(g) 
above H,O(I) (atm) Temperature of Н,О()(°С) 
(A) 10.0 90 
(B) 10.0 10 
(C) 5.0 90 
(D) 5.0 10 
(E) 1.0 10 


. Which of the following pairs of liquids forms the most ideal solution (the 


solution that most closely follows Raoult's law)? 
(A) C,H, ,() and H,O(I) 


6 14 
(B) CH,CH,CH,OH() and H,0() 
(C) CH,CH,OH() and C,H, (1) 


(D) С,Н,(1) and C,H,CH,(I) 
(E) Н.РО (1) and H,O() 


. Which of the following solutions has the lowest freezing point? 


(A) 0.50 m C,H,O,, 
(B) 0.50 m KNO, 
(C) 0.50 m MgSO, 
(D) 0.50 m Na,PO, 


(E) 0.50 m K,CrO, 


. 100.0 milliliters of a 4.00 molar solution of KBr (molar mass 119.0 g) would 


contain of KBr. 
(A) 2.98 g 
(B) 4.76 g 
(C) 47.6 g 
(D) 476 g 
(E) 500 g 


223 
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10. 


. Anaqueous solution of silver nitrate (AgNO,, molar mass 169.9 g) is prepared 


by adding 200.0 g AgNO, to 1,000 g H,O. If K, for H,O is 1.86 °C nr’, the 
freezing point of the solution should be 


(A) 0.00 °C 

(B) – 0.219 °C 
(C) = 0.438 °C 
(D) -2.19 °C 
(Е) -4.38 °C 


. A solution of glucose (molecular weight 180.16) in water (molecular weight 


18.01) is prepared. The mole fraction of glucose in the solution is 0.100. What 
is the molality of the solution? 


(A) 0.100 m 
(B) 0.162 т 
(C) 3.09 m 
(D) 6.17 m 
(Е) 10.0 m 


. Your teacher has asked you to prepare 1.00 liter of a 0.100-molar aqueous 


solution of sodium hydroxide (molar mass 40.0 g). You should weigh out 
(A) 4.00 g NaOH and add 1.00 liter of distilled H,O. 

(B) 2.50 g NaOH and add 1.00 liter of distilled H,O. 

(C) 4.00 g NaOH and add 1.00 kilogram of distilled H,O. 


(D) 4.00 g NaOH and add distilled H,O until the solution has a volume 
of 1.00 liters. 


(E) 2.50 g NaOH and add distilled H,O until the solution has a volume 
of 1.00 liters. 


. Which of the following aqueous solutions has the highest boiling point? 


(A) 0.10 M sodium fluoride, NaF 

(B) 0.10 M nitric acid, HNO, 

(C) 0.10 M ammonium hydroxide, NH,OH 
(D) 0.10 M magnesium chloride, MgCl, 
(E) 0.20 M glucose, СН „О 


6 1276 


The vapor pressure of water at 50 °C is 92.5 mm Hg. If 400.0 g of sucrose 
(C, H,,O,, molar mass 342.3 g) is added to 900.0 g of H,O at 50 °C, what will 


12 22 
the vapor pressure of the solution be? 


(A) 94.6 mm Hg 
(B) 92.3 mm Hg 
(C) 90.4 mm Hg 
(D) 88.3 mm Hg 
(E) 27.4 mm Hg 
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11. How much pure water (H,O molar mass 18.01 g) would 81.1 g of iron (IIT) 
chloride (FeCl,, molar mass 162.2) be dissolved in to make a solution with a 
molality of 1.5 m? 


(A) 333 kg 
(B) 333g 
(C) 3.33 kg 
(D) 666 g 
(E) 500 ml 


12. Whatis the osmotic pressure of a 0.100 molar saline solution (NaCl dissolved 
in H,O) at 27 °C? 
(A) 0.22 atm 
(B) 0.44 atm 
(C) 2.5 atm 
(D) 4.9 atm 
(E) 9.8 atm 


Free Response 


Question 1 


A 0.562 g sample of an unknown substance was dissolved in 17.4 g benzene. 
The freezing point of the solution was 4.075 °C. The freezing point of pure 
benzene is 5.455 °C. For benzene, К, = 5.065 °C т, and K, = 2.61°C т^. 
Assume that the solute is a nonelectrolyte. 

(A) What is the molality of the solution? 

(B) What is the molar mass of the unknown? 

(C) If the boiling temperature of pure benzene is 80.2 °C, what is the 


boiling temperature of the solution? 


(D) What is the van't Hoff factor? Explain whether the use of one was 
necessary in these calculations. 
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Thermometer 


Stirring rod 


Air space 


| Liquid whose 


i freezing point is 


| | to be measured 
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(ice and salt) 


тт 


Question 2 


A high school student was going to determine the molar mass of an unknown 
compound using the freezing-point depression technique. A sample of 
solvent was first chilled to its freezing temperature in a small test tube that 
was placed within a second test tube as shown in the diagram. Following the 
initial trial, a carefully measured amount of water was added to the test tube 
andthe tube and its contents weighed. A small amount of solute was weighed 
and added to the test tube containing the water. The freezing temperature 
was measured again in the same way as the initial trial with the pure water. 
Assume that: 

* the solute was a nonelectrolyte. 

* the temperature of the liquid in the small test tube was uniform 

throughout. 
* agraduated cylinder and an analytical balance are available. 
(A) Write the equation(s) needed to calculate the molar mass of the solute. 


(B) List the measurements that must be made in order to calculate the 
molar mass of the solute. 


(C) Explain the purpose of placing the test tube containing the liquids 
inside the larger test tube. 


(D) The student determines the molar mass of the solute to be 170 g mol". 
Show the set-up you would use to calculate the percent error for the 
experiment if the mass of the unknown was actually 180 g mol” (it is 
not necessary for you to perform the calculation). 


(E) If the student had used the molarity rather than the molality in the 


determination of the molar mass, how would this have affected his 
results. 
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ANSWERS 
1. 


The correct answer is (E). The molality, because it is only dependent on the 
mass of the solute and solvent, does not change as temperature changes. 
Volume does vary with temperature, which is why choices (C) and (D) are not 
appropriate. Mole fractions are unaffected by volume changes, but they do 
remain constant during heating (unless vaporization accompanies the heating). 


. The correct answer is (B). Gases are most soluble in liquids at lower 


temperatures and when higher partial pressures of the gas are present above the 
liquid. Choice (B) represents the conditions of highest pressure and lowest 
temperature. 


. The correct answer is (D). The two liquids shown in D represent the most 


chemically similar elements listed. The others in the list will experience more 
intermolecular forces. 


. Thecorrect answer is (D). While at first glance all of the solutions may look 


similar, on closer inspection there are important differences. With the exception 
of sucrose, the other solutes are electrolytes. This means they will separate into 
ions when they dissolve. The van't Hoff factor must be considered when 
determining freezing points. Sodium phosphate, Na,PO, will separate into 4 
ions, 3 Na* and 1 PO ?. That will create more solute particles in the solution than 
any of the others, which will lower the freezing point. 


. Thecorrectansweris (C). А 4.00 molar solution of KBr would contain 4 moles 


of KBr per liter. This is the equivalent of 4 molx 119 g/mol = 476 g of KBr. 
Because we are only going to obtain 100.0 milliliters of the solution (1/10 of a 
liter), the amount of KBr will be 1/10 the amount. Hence, 0.10 Lx 476 g/L = 
47.6 g. 


- The correct answer is (E). 200 g AgNO,/169.9 g/mol = 1.177 mol AgNO,; 


1.177 mol AgNO/1.00 kg H,O = 1.1777 m; AT, = iK т = (2)( 1.86 °C m^) 
(1.177 m) = 4.38 °C. The van't Hoff factor of 2 was needed because of the 
dissociation of AgNO, into one Ag* ion and one NO, ion. 


. Thecorrect answeris (D). Ifthe mole fraction of glucose is 0.100, that means 


that the mole fraction of water must be 1.00 — 0.100 = 0.900. Knowing this, you 
can determine the mass of the solvent, and from that the molality. 0.900 mol 
H,Ox 18.01 g mol” = 16.209 g H,O. molality = mol glucose / kg H,O = 0.100 
mol / 0.016209 kg H,O = 6.17 m. 


. The correct answer is (D). It’s very important that you remember the 


definition of molarity: molarity is the number of moles of solute per liter of 
solution. That means that the contents of the solute and solvent must equal 1.00 
liter. In this problem, the solution is to be 0.100—molar, which means that there 
are 0.100 moles of solute per 1.00 liter. 0.100 molx40.0 g mol” = 4.00 g. 


. The correct answer is (D). The solute that produces the most particles in 


solution will produce the solution with the highest boiling point. (E) is a 
tempting choice because the concentration is twice that of any other. Glucose, 
however, is not an electrolyte. (A), (B), and (C) will all have van’t Hoff factors 
of 2, while MgCI, has a van't Hoff factor of 3, which will produce the greatest 
boiling point elevation. 
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10. 


11. 


12. 


The correct answer is (C). This is a vapor-pressure reduction problem. 
The first step is to determine the mole fraction of water in the solution. This 
will then be used to determine the vapor pressure of the solution. 400 g 
sucrosex 1 mol/342.3 g = 1.169 mol sucrose; 900 g H,Ox 1 mol/18.01 g = 
49.972 mol H,O; mole fraction = mol H0 / mol sucrose + mol H,O = 49.972 
mol/(1.169 mol + 49.972 mol) 20.9771; P =P; X, = (92.5 mm Hg)(0.9771) 
= 90.4 mm Hg. ? 

The correct answer is (B). Molality is moles of solute per kilogram of solvent. 
Therefore, you first need to calculate the number of moles of FeCl, that are in 
81.1 g. After a quick eyeballing you might notice that 81.1 is half of 162.2, 
which means that you have 0.5 moles of FeCl,. With this information, you can 
use the molality equation to calculate the answer: molality = moles FeCl/kg 
H,O; 1.5 m = 0.5 mol FeCl/X kg H,O;x kg H,O = 0.5 mol FeC1/1.5 m; 
X = 0.333 kg H,O, or 333 g. 

The correct answer is (D). You need to use the van’t Hoff factor in this 


because NaCl is an electrolyte. Therefore, you will use m = MRTi = 
(0.100 mol L)(0.0821 L atm mol! K?)(300 К)(2) = 4.9 atm. 


Free Response 


Question 1 


(A) 0.272 m. The molality is calculated as the number of moles of 
unknown per kilogram of benzene. Because the number of moles of 
the unknown substance is not known, the molality will be calculated 
from the freezing-point depression of the solution. This is done using 
the equation AT, = Kym . Because the solution is a nonelectrolyte, the 
van't Hoff factor is unnecessary. This expression can be rearranged to 
yield AT, = К, = т. Molality is determined to be (5.455 °С — 4.075°C) 
/ 5.065 °C т! = 0.272 m. 


119 g mol-1. The molar mass of the unknown is calculated from the 
molality of the solution. According to the given information, 0.562 g 
is dissolved in the benzene. In part A, it was determined that the 
molality of the solution is 0.272 m. This tells you that there are 0.272 
moles of unknown per kilogram of benzene. We know that we have 
0.562 g unknown per 17.4 g of benzene. These two pieces of informa- 
tion will allow us to calculate the molar mass of the unknown. The 
molalityzmoles unknown/kg benzene; this can be rewritten as 
molality = (grams solute)(molar mass) / kg benzene. This can be 
rearranged to yield the final equation: molar mass = grams solute / 
(molality)(kg benzene). Substituting in the data, we get molar mass = 
0.562 g / (0.272 m)(0.0174 kg benzene) = 119 g mol-1. 

(C) 80.9 °C. The boiling temperature of the solution is calculated using 
the boiling point elevation equation: AT, 2 K,m . The van't Hoff 
factor is not needed since the solute is a nonelectrolyte. From part (A) 
we know the molality, so the data can be substituted directly into the 
equation: AT, = (2.61 °C nr')(0.272 m) = 0.710 °C. The elevated 
boiling temperature will be 80.2 °C + 0.710 °C = 80.9 °C. 


(B 


— 


Chapter 9: Solutions 


(D) The van't Hoff factor is in the calculations for colligative properties 
of solutions. Because the number of solute particles in solution affects 
these factors, an adjustment must be made for electrolytic solutes. 
This is due to the fact that electrolytes, when dissolved, yield as many 
particles as the number of ions in the solute. For example, the 
electrolyte sodium chloride, NaCl, will dissolve to yield one sodium 
ion, Na*, and one chloride ion, Cl, per sodium chloride. Because the 
problem declared that the unknown solute was a nonelectrolyte, no 
van't Hoff factor was needed. 


Question 2 


(A) Molar mass can be calculated in two steps. First the molality is 
determined from the freezing point depression, using the expression 
AT, = K,= m. Once the molality is known the equation to determine 
the molar mass will be derived from the molality equation. Since 
molality 2 moles solute/kg solvent, and moles solute — grams solute / 
molar mass solute, we can substitute (grams solute/molar mass solute) 
for moles solute in the molality equation. This produces the equation 
molality = (grams solute/molar mass solute) / kg solvent. Rearranging 
this equation, we obtain molar mass solute = grams solute / 
(molality)(kg solvent). 


(B) In order for this to work, you need several measurements. To calcu- 
late the molality, two temperature readings are required. The first is 
for the pure solvent, and the second for the solution. Subtracting these 
values will produce AT. The value of K, is also needed, but it is 
obtained from a reference book, not the experiment. In order to 
complete the calculations, two other pieces of data are required. The 
first is the mass of the solute. The second is the mass of the solvent. 
By using these two values, along with the molality (just calculated), 
we will be able to calculate the molar mass of the unknown. 


(C) The purpose of the outer test tube is to slow down the rate of tempera- 
ture decrease to allow for more uniform cooling and also greater 
accuracy of the temperature at the freezing point. Submerged directly 
in the water, the test tube with the solution will cool too rapidly. 


(D) The percent error is determined by using the equation: Imeasured 
result — theoretical resultl/theoretical result x 100%. The absolute 
value is used because we are not concerned if the error was above or 
below the theoretical value—only about how much it is above or 
below the theoretical value. If the numbers were substituted into this 
equation, it would read 1170 g mol"! — 180 g mol"'l/180 g mol! x 
10096. 


(E) Molarity and molality are different measures, although there are 
some conditions where they are very similar. Molality depends on 
the mass of the solvent and molarity depends on the volume of the 
solvent. Since volume is affected by temperature, there may be 
some fluctuations in the volume of a solution as it heats or cools. 
Mass, and therefore molality, is unaffected by temperature changes. 
Another area where problems can possibly arise is the definitions. 
For molarity, the solute is added and the volume of the solute + 
solvent shall equal 1.00 L (or some other amount). For molal 
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concentrations, the solute is added to 1.00 kg of water. There are a 
couple of conditions where the difference between molality and 
molarity is very small. The main one worth noting is when the 
amount of solute is small, relative to the amount of water. Water has 
the unique property that, by definition, 1.00 L of water is equal to 
1.00 kg of water (only at 4 °C, but the numbers are still very close at 
other temperatures). Therefore, if a tiny amount of solute is placed 
in a container and water is filled until 1.00 liter of solution is 
produced, the amount of water will be very close to 1.00 liter, and 
therefore 1.00 kg. Therefore, in the special case where a solution is 
very dilute and the solvent is water, molality and molarity are nearly 
the same. This is a fairly dilute solution, so the error would have 
been very small if molarity was used. 


Chapter 


Reaction Types 


This chapter is divided into two major sections. The first, nomenclature, is 
a review of material you should have learned in your first-year chemistry 
course but that you will be expected to know for the AP exam. In the second 
section, you will review the major types of chemical reactions. 


NOMENCLATURE 


Nomenclature, or the naming system, is fairly uniform. The body that is 
most widely recognized for developing and maintaining the rules for 
naming compounds is the International Union of Pure and Applied Chem- 
istry (IUPAC). The rules that you will need to be familiar with were 
developed by IUPAC. In this chapter, you will only be reviewing the 
procedures for naming inorganic compounds. Organic compounds, whose 
naming system is quite a bit different, will be addressed in Chapter 18. There 
are different procedures for naming ionic and covalent compounds. We'll 
begin with ionic compounds. 


lonic Compounds 


Ionic compounds are composed of two or more atoms that have lost or 
gained electrons to become charged particles. The oppositely charged 
particles are held together by electrostatic attractions. In general, ionic 
compounds consist of a metallic cation (positively charged ion), bonded to 
a nonmetallic anion (negatively charged ion) or a negatively charged 
polyatomic ion. Polyatomic ions are stable arrangements of atoms that are 
covalently bonded together but that maintain a net charge. Most of the 
polyatomic ions are negatively charged. The ammonium ion, NH,*, is one 
of the only positively charged polyatomic ions. Table 10.1 shows a list of 
some of the more common polyatomic ions. 

As you saw in Chapter 5, the ratio of ions in an ionic compound is 
determined by the charges on the ions. In a salt, the ions will combine to form 
compounds with a net charge of zero. Before listing the specific rules for 
naming compounds, let's review a few things about ions and electrical 
charges. 

* Metals in groups 1A and 2A on the periodic table form cations with the 
same positive charge as their group numbers (ТА = 1*, and 2А = 27). 
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Table 10.1 Common Polyatomic ions 


Charge Formula Name 

1+ NH,* ammonium 

2+ Hg,” mercury (I) 
BrO, bromate 
C,H,0, acetate 
C10- hypochlorite 
CIO, chlorite 
CIO, chlorate 
CIO, perchlorate 
CN- cyanide 

l- HCO, hydrogen carbonate, (common 

name is bicarbonate) 
HSO; hydrogen sulfate, (common 
name is bisulfate) 

НРО dihydrogen phosphate 
MnO, permanganate 
NO, nitrite 
NO, nitrate 
ОН- hydroxide 
SCN- thiocyanate 
CU carbonate 
CO oxalate 
CD chromate 

2- GEO dichromate 
HPO,- hydrogen phosphate 
so,” sulfite 
SO,” sulfate 
AsO,* arsenate 

3- PO, phosphate 
РО,” phosphite 


e Most transition metals, as well as the metals in groups 3A—6A, have 
multiple charges possible, however, there are four very commonly used 
elements that have only one charge and should be memorized: Ag*, Zn?*, 
Cd”, and А]. If you locate these on the periodic table, you will find that 
they are very close to one another. 


• Fortherepresentative metallic elements in groups 3A—6A, most have two 
positive charges that follow a pattern. The two charges consist of a charge 
equal to the group number and a second charge equal to the group number 
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minus two. For example, the element tin, Sn in group 4A, can have two 
charges, 4* (its group number) and 2* (its group number minus two). 


Binary lonic Compounds 

Binary ionic compounds are compounds composed of two monatomic ions. 
These usually are a metallic cation and a nonmetallic anion. When naming 
these compounds, there are a few rules that need to be followed: 

* Cations that only have one possible charge bear the same name as their 
neutral atoms. For example, a lithium atom, a group 1A element, can 
only have a 1* charge. A lithium ion is referred to as simply a "lithium" 
ion. 

* Cations that can have more than one charge are named by placing a 
Roman numeral equal to the positive charge after the name of the 
element. For instance, the element copper can have two possible 
charges, 1* and 2*. A Cu™ ion is called a copper (II) ion. The Roman 
numeral is placed in parentheses. 

* Monatomic anions are named after the element, but the ending has been 
modified and an *—ide" ending added as areplacement. For example, the 
S* ion becomes a “sulfide ion.” There are no clear rules that can be 
followed about which part of the root to remove before adding the “— 
ide" ending, so itis easiest to memorize these anions. There aren't very 
many, so it is not that large a task. The charges on the monatomic anion 
are usually equal to the negative result of 8 minus the group number. For 
example, oxygen, a group 6A element, has a charge of —-(8-6), or—2. The 
reason for this is that it is how many negatively charged electrons are 
acquired in the formation of a stable octet (8 valence electrons). 

* Binary acids, acids that are formed from a hydrogen ion bonding to a 
monatomic anion, are named by placing the term “hydro-” in front of the 
root of the anion ending in “-ic.” For instance, HCl is called hydrochlo- 
ric acid. 


These are the main rules that are used to name binary ionic compounds. 
In most cases, the procedure is quite simple. For example, LiCl is named 
lithium chloride. Lithium is a group 1A element, so its name doesn’t change, 
and the chloride comes from adding an “—ide” ending to a monatomic, 
nonmetallic anion. There are some cases, however, where the procedure is 
not as readily apparent. These are the compounds formed from the metals 
with more than one possible charge. For example, the compound FeCl, has 
an iron ion in it. Iron has more than one possible ionic charge, so its name 
requires the use of a Roman numeral. This is a fairly easy one to figure out 
because you know that a chloride ion has a 1 charge. You also know that the 
net charge in an ionic compound is zero. Therefore, if it takes three chloride 
ions (with a total charge of 37) to neutralize one iron ion, the iron ion must 
have a charge of 3*. Therefore, the name would be written as iron (III) 
chloride. In the next section, we'll look more closely at this process of 
determining the Roman numerals to assign cations with more than one 
possible charge. 
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present. One (1) is 
not written as a 
subscript. 
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Writing Formulas for Binary lonic Compounds 


The formula for an ionic compound actually represents the simplest ratio of 
ions within a crystal. It is important to remember that the formulas you write 
for the exam must represent the simplest ratio of ions. There are two main 
ways to write the formulas for ionic compounds. The first method uses 
conservation of charge, while the second is a shortcut method often called 
the crisscross method. 

Inthe conservation of charge method, you come up with the simplest ratio 
of ions to have a net charge of zero. This is basically a trial and error method, 
but, if you doitenough, you will discover patterns that make the process very 
efficient. It will be easier to review this with a few different examples. 


Sample: Determine the formula for lithium chloride. 


Answer: To begin, you need to determine the charges on each ion. Lithium, 
a group 1A element, has a charge of 1*, and the chloride ion has a charge of 
Г. So, we begin by looking at the two ions, Lit and СТГ. You should quickly 
notice that a charge of 1* will exactly balance a charge of 17. Therefore, for 
every one 11°, there will be one Cl. As a result the formula will read LiCl. 


Sample: Determine the formula for magnesium chloride. 


Answer: Magnesium, a group 2A element, has a charge of 2*. Chloride has 
acharge of 1-. This time we have Mg” and СГ. If one chloride ion combines 
with a magnesium ion, there will still be a net charge of 1*. Therefore, in 
order to balance the 2 positive charges of magnesium, you will need to have 
two chloride ions, each with a 1^ charge. The formula for magnesium 
chloride will be MgCl. 


Sample: Determine the formula for magnesium oxide. 


Answer: Magnesium is Mg”. Oxide represents the oxygen ion with a charge 
of 2^, or O7. If you look at this example, only one magnesium ion is needed 
to balance the charge of one oxide ion. Therefore, the formula is MgO. 


Sample: Determine the formula for aluminum oxide. 


Answer: Aluminum has a charge of 3* and oxygen has a charge of 2-. In the 
previous examples, you could manipulate the quantities of one of the ions 
to make the charges balance. Clearly, that won't work here. In this example, 
you need to balance the charges by changing the quantities of both ions. If 
you double the quantity of aluminum, the two aluminum ions will have a 
total charge of 2(3*)—or 6*. If you look at the negative charge of 27, you 
might quickly see that 2 goes into 6 three times. If you triple the quantity of 
oxygen, you will have a charge of 3(2)) or 6-. Now the positive and negative 
charges are balanced. The final formula must have two aluminum ions for 
every three oxide ions, or ALO.. 
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The Crisscross Method 

The crisscross method of formula writing makes writing formulas for 
compounds like aluminum oxide an easier process. In this method, the first 
step is to write the ionic symbols next to each other. Once this is done, the 
number of the charge on the cation is written as a subscript for the anion and 
the number of the charge on the anion is written as a subscript for the cation. 


Sample: We'll use aluminum oxide again: 
APi——9? — — А1,0; 


Answer: Notice how the arrows crisscross as they move toward the 
subscript position. That is where the name comes from. The method makes 
formula writing for ionic compounds quick and easy. There is onething you 
need to pay attention to as you use this method, as the next example will 
demonstrate. 


Sample: Write the formula for tin (II) oxide. 
Using the crisscross method, we see that 


Sn?5— 09? ——> SnO, 


The first thing to point out is the charge on tin. While tin has more than one 
possible charge, you know it has to be two in this case because of the Roman 
numeral (II) that appears in the name. The formula Sn,O, does not represent 
the smallest ratio of ions. You should notice that if each one of these 
subscripts is reduced by 1⁄4, the new formula will be SnO. You can only 
reduce these subscripts if all subscripts in a formula can be reduced by the 
same amount (this will be more critical with ternary ionic compounds). 

Going back to the previous section, where you were looking at how to 
determine the Roman numerals written after some elements, you may see 
how this can be done using the crisscross method. To determine the Roman 
numeral, you use a reverse crisscross technique to determine the charge on 
the cation. This charge then becomes the value of the Roman numeral. While 
you can probably eyeball a solution to these, we'll list a set of rules that will 
work for all examples: 

a. Determine the total (—) charge by multiplying the charge on each anion by the 
total number of anions present. 
b. The total (—) must equal the total (4-). 


c. Determine the (+) charge on each cation by dividing the total (+) charge by the 
number of cations present in the compound (subscript). 


d. This answer is the charge that should be written as a Roman numeral in the 
name. 
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Sample: Write the name of PbO,. 
Answer: Following the four rules: 
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a. Determine the total (—) charge by multiplying the charge on each anion by total 
number of anions present (2 x 2- = 4-). 


b. The total (—) must equal the total (+) (4- = 4+). 


c. Determine the (+) charge on each cation by dividing the total (+) charge by 
number of cations present in compound (subscript) (4+ + 1 = 4). 


d. This answer is the charge that should be written as a Roman numeral in the name 


(lead (IV) oxide). 


You Try It! 


Write the formulas for the following compounds: 


1. Calcium oxide 

2. Magnesium iodide 

3. Chromium (Ш) oxide 
4. Sodium bromide 

5. Tin (IV) oxide 

6. Zinc iodide 


7. Nickel (II) oxide 

8. Hydrobromic acid 

9. Calcium sulfide 
10. Silver chloride 
11. Lead (II) fluoride 


12. Cadmium bromide 


Answers: 
1. СаО 4. NaBr 7. NiO 10. AgCl 
2. Mgl, 5. SnO, 8. HBr 11. PbF, 
3.CrO, 6.7801, 9. CaS 12 CdBr, 


Write the names represented by the following formulas: 


1. Na,S 7. Hg,N 

2. AIN 8. MnO 

3. MgBr, 9. FeO 

4. Co,S, 10. BaN, 

5. Cul, 11. HS 

6. SrL 12. Bel, 
Answers: 
1. sodium sulfide 7. mercury (I) nitride 
2. aluminum nitride 8. manganese (II) oxide 
3. magnesium bromide 9. iron (II) oxide 
4. cobalt (IIT) sulfide 10. barium nitride 
5. copper (II) iodide 11. hydrosulfuric acid 
6. strontium iodide 12. beryllium iodide 
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Ternary lonic Compounds 


Ternary ionic compounds are ionic compounds containing one or more 


polyatomic ions. The possible combinations are a monatomic cation bonded 


to a polyatomic anion, a polyatomic cation bonded to a monatomic anion, 
or a polyatomic cation bonded to a polyatomic anion. There are additional 
rules that must be added to the rules in the previous section: 


Since polyatomic ions already have specific names, these names are not 
changed when the ion becomes part of a compound. For example, if the 
sulfate ion, SO D combines with a calcium ion, Ca”, the resulting 
compound, CaSO T is called calcium sulfate. 


Because the atoms in a polyatomic ion are a stable unit, if more than one 
ion is needed to balance the charge of the oppositely charge ion, 
parentheses are placed around the polyatomic ion to indicate that the 
subscript placed outside the parentheses refers to the entire polyatomic 
ion. For example, if the hydroxide ion, ОН”, combines with a lithium 
ion, Li+, the resulting formula is LiOH. However, if the hydroxide ion 
combines with a magnesium ion, Mg”, the resulting formula will be 
Mg(OH),. The parentheses indicate that there are two hydroxide ions 
required to balance the 2* charge of the magnesium ion. Leaving out the 
parentheses would create the formula MgOH,, which only indicates the 
presence of an extra hydrogen atom. 


For ternary acids, the prefix “hydro-” is dropped. The acid is named 
according to the polyatomic ion. If the polyatomic ion ends in “-ate,” the 
acid is named using the root of the polyatomic ion ending in “-ic,” 
followed by the word “acid.” For example, when H* combines with the 
nitrate ion, NO, , the resulting acid is called nitric acid. If the polyatomic 
ion ends in *-ite" the acid is named using the root of the polyatomic ion 
ending in *-ous," followed by the word “acid.” For example, when H* 
combines with the nitrite ion, NO, , the resulting acid is called nitrous 
acid. 


Thecrisscross orconservation of charge methods are used in the same way 
to determine the ratio of ions in the compound. 


You Try It! 
Write the formulas for the following compounds: 
1. potassium acetate 7. perchloric acid 
2. calcium hydrogen sulfate 8. lithium phosphate 
3. strontium nitrite 9. ammonium oxide 
4. nickel (II) sulfate 10. sodium hydrogen phosphate 
5. manganese (Ш) cyanide 11. zinc oxalate 
6. zinc hydroxide 12. ammonium carbonate 
Answers: 
1. KC,H,O, 2. Ca(HSO,), 3. Sr(NO,), 4. NiSO, 
5. Mn(CN), 6. Zn(OH), 7. HCIO, 8. Li,PO, 


9. 


(NH),OO  10.Na4HPO, 11. ZnC,O, 12. (NH,),CO, 
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Write the names for the compounds represented by the following equations: 


1. Pb(OH), 7. Sn,(PO,), 
2. Al,(SO,), 8. Mg(OH), 
3. NaHCO, 9. Fe(C,H,O,), 
4. Co(NO,), 10. NH,NO, 
5. CrCO, 11. Mn,(PO,), 
6. H,SO, 12. NaHSO, 
Answers: 
1. lead (П) hydroxide 7. tin (IV) phosphate 
2. aluminum sulfate 8. magnesium hydroxide 
3. sodium hydrogen carbonate 9. iron (IIT) acetate 
4. cobalt (ID nitrite 10. ammonium nitrite 
5. chromium (II) carbonate 11. manganese (II) phosphite 
6. sulfurous acid 12. sodium hydrogen sulfate 


MOLECULAR COMPOUNDS 


The nomenclature for molecular compounds is much less complicated than 
for ionic compounds. Molecular compounds are formed from covalently 
bonded nonmetallic elements. The formula for a molecule represents a 
stable unit of atoms, unlike a formula for an ionic compound, which only 
represents the simplest whole number ratio of ions. As a result, molecular 
formulas cannot be simplified like formulas for ionic compounds. An 
example would be hydrogen peroxide, H,O,. Although the formula could be 
reduced to HO, this would be inappropriate because H,O, is a molecule. 
Changing the structure to HO would change the chemical composition. 

Another source of difficulty is that the atoms in molecules do not form 
ions. Therefore, the use of Roman numerals is not possible. And because 
nonmetals have multiple oxidation states possible (nitrogen has 8), it is too 
difficult to determine the possible combinations of atoms in a molecule. All 
of this is meant to illustrate why a different naming system is required for 
molecular compounds. 

The rules for naming molecules are very simple: 


* The second atom in the molecule is always written with an “-ide” 
ending. 
* The first atom in the molecule is given the name of the element. 


e Prefixes are used to indicate the number of atoms of each type are in a 
compound. These prefixes, listed in Table 10.2, should be committed to 
memory. 


e Prefixes are written before the names of all atoms with one exception: 
if there is only one of the first atom in the molecule. 


* When determining the name of a molecular compound from the for- 
mula, the subscript determines the prefix you will use in the name. 
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Table 10.2 


Number Prefix 
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Sample: Write the formula for the compound dinitrogen pentoxide. 


Answer: Since “di-” = 2, there will two nitrogen atoms in the molecule. 
“Penta” is 5, so there will be 5 oxygen atoms. The resulting formula will be 
N205 


Sample: Write the name of the compound SO.. 


Answer: There is only one sulfur atom. Because it is the first atom in the 
formula, no prefix will be used. There are three oxygen atoms, so the prefix 


[179054 


tri-” will be used. The resulting name will be sulfur trioxide. 


You Try It! 
Write formulas for the following compounds: 

1. nitrogen dioxide 7. silicon monocarbide 

2. carbon monoxide 8. carbon disulfide 

3. dinitrogen monoxide 9. dinitrogen trioxide 

4. silicon dioxide 10. tetrasulfur dinitride 

5. sulfur hexafluoride 11. dihydrogen mononitride 

6. phosphorous pentachloride 12. tetraboron monocarbide 
Answers: 

1. NO, 2.CO 3. NO 4. SO, 5. SF, 6.РСІ, 
7. SiC 8.CS, 9. NO, 10.S,N, 11. HN 12. B,C 
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Write the names of the following compounds: 


1. NF, 7. SF, 
2. SCL 8. BO, 
3. CF, 9. SiN, 
4. BCL 10. ВО, 
5. P,H,, 11. ClO, 
6. OF, 12. SiF, 
Answers: 
1. nitrogen trifluoride 7. sulfur tetrafluoride 
2. disulfur dichloride 8. diboron trioxide 
3. carbon tetrafluoride 9. trisilicon tetranitride 
4. boron trichloride 10. diboron trioxide 
5. tetraphosphorous decahydride 11. chlorine heptoxide 
6. dioxygen difluoride 12. silicon tetrafluoride 


CHEMICAL EQUATIONS 


A chemical equation is a way to represent, in symbols, a chemical reaction. 
By using combinations of symbols to represent chemicals and processes, 
you can express in a universal language the events in a chemical reaction. 
Before reviewing the different types of reactions, it will be helpful to review 
some of symbols that are used in chemical equations. 

A basic chemical equation consists of afew components. In every reaction, 
there is at least one reactant and one product. In order to better illustrate the 
features of a chemical equation, we will use an example of a chemical 
reaction that has two reactants and two products. In the equation, the 
formulas of each reactant and product will represent the chemicals. The 
reactants are placed on the left side of the equation and the products on the 
right side of the equation. An arrow (—) placed in the center, between the 
reactants and products, indicates a reaction is taking place. A plus (+) sign 
on the left side of the equation, placed between the reactants (if there are more 
than one), is used to signify that the reactants are added together. A plus (+) 
sign on the right, or products side, of the equation signifies that the products 
are separate entities. An example of a chemical reaction is the addition of 
sodium metal to water to form sodium hydroxide and hydrogen gas. When 
written as a chemical equation, this word equation is translated to 


Na+ H,O — NaOH + H, 


This type of equation is often called a skeleton equation. It indicates 
which reactants were involved and what products were formed, but little 
else. The addition of a few more symbols can provide much more informa- 
tion. What's missing in the chemical equation that was present in the word 
equation is the states of the chemicals. The word equation specified sodium 
metal and hydrogen gas, yet the chemical equation does not indicate this. By 
rewriting the equation, we can convey this information: 
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Na(s) + H,O()— NaOH(aq) + H,(g) 


These symbols are frequently added to chemical equations to provide the 
states of the reactants and products. Solids are represented by (s), liquids by 
(D), aqueous solutions (solutions where water is the solvent) by (aq), and 
gases by (а). 

Another issue with the skeleton equation above is that the reaction, as 
written, violates the law of conservation of matter. According to the 
equation, one sodium atom reacts with one oxygen atom and two hydrogen 
atoms to produce one sodium atom, one oxygen atom, and three hydrogen 
atoms. A hydrogen atom has been created, in direct violation of the law of 
conservation of matter. In reality, this is not how the chemicals react. The 
reaction really takes place like this: 


2Na(s) + 2H,O(/) > 2NaOH(aq) + H.(g) 


If you count up the atoms of each element on either side of the arrow, you 
see that there are now 2 sodium atoms, 4 hydrogen atoms, and 2 oxygen 
atoms on the left side of the arrow and 2 sodium atoms, 4 hydrogen atoms, 
and 2 oxygen atoms on the right side of the arrow. Matter has been 
conserved! In case you have forgotten, the coefficients in front of a 
component in an equation tell you how many of the atoms or molecules are 
present. 2Na means two sodium atoms, and 2H,O represents two water 
molecules. Subscripts, like the 2 after the H in 2H,O, indicate the number of 
atoms of the element that are in the molecule (in water, the 2 means there are 
two hydrogen atoms). This type of equation, where matter is conserved, is 
known as a balanced equation. In the next section we will review the 
procedures for balancing equations. 

The other symbols that can add information to an equation are shown in 
Table 10.3: 


Table 10.3 
Symbol Meaning 
А_„ OF _heat Reactants are heated 
50 atm Reaction is carried out at a certain pressure 
100°C Reaction is carried out at a specific temperature 
Mno A catalyst is used in the reaction 
{ Product is a solid precipitate 
T Product is a gas 
= Reaction can proceed in both directions, neither direc- 


tion ending in completion. 
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Balancing Equations 


Inthe upcoming chapters, the chemical equations you will be working with 
will be balanced equations. That is because the topics covered in these 
chapters are all concerned with quantitative aspects of chemical reactions. 
In this chapter, you are looking at different reaction types and learning how 
to predict the outcomes of various reactions. As you just read, chemical 
reactions must be balanced in order to follow the law of conservation of 
matter. The process is, in principle, just an elementary form of record 
keeping to assure that there are equal numbers of atoms of each element 
going into and coming out of a chemical reaction. In practice, balancing 
equations is not always as easy. Many reactions are quite simple and require 
very little to balance them, but some are quite complex. There are a few 
procedures that you should follow while balancing equations as well as a few 
strategies that will allow you to balance equations more quickly. 


Rules for Balancing Equations 


The bottom line is that you must adjust the equation so that the number of 
atoms of each element is the same on each side of the equation. There are 
some rules that must be followed while balancing equations: 


* Youcanonly change the coefficients that appear before an element or 
compound. 

e Youare never allowed to change any subscripts in a formula. Changing 
subscripts changes the chemical nature of the substance, whereas 
changing a coefficient simply changes the amount of a substance. 


e Coefficients should be written as the lowest numerical ratios. 
Sample: Zn + НСІ > ZnCl, + H, 


Answer: If you look at this equation, there is one zinc atom on the left side 
and one on the right side. At the moment, all zinc atoms are accounted for. 
While looking at the zinc chloride on the right side, you may have noticed 
the subscript 2 by the chlorine. There are two chlorine atoms in zinc chloride, 
but only one on the reactant side of the equation. You can begin by placing 
a coefficient of 2 in front of НСІ: 


Zn + 2HCl > ZnCl, + H, 


This gives you the two chlorine atoms that you need, but it has now also 
given you two hydrogen atoms on the reactants side. A visual inspection of 
the products indicates that you need two hydrogen atoms to balance the 
equation, so hydrogen is now balanced. 
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A quick tally of the atoms indicates that all are balanced. Mentally, you 
should go through a process similar to the chart below: 


Table 10.4 
Reactants Products 
Zn = 2 atoms Zn = 2 atoms 
H =2 atoms Н = 2 atoms 
СІ = 2 atoms СІ = 2 atoms 


The basic process of balancing equations is, by nature, a trial and error 
affair, but you can streamline the process by using a few different strategies. 

The most important approach is to begin by balancing substances that only 
appear once on each side of the equation. Elements that appear more than 
once are more difficult. Quite often, you may find that by balancing the 
easiest elements first, the others will balance themselves. One element that 
often appears in more than one compound in an equation is oxygen. Itisa 
good idea to wait on the oxygen atoms until the end. 

A second strategy is to look for any polyatomic ions. If a polyatomic ion 
appears on each side of the equation, you can treat it like an individual 
element while balancing the equation. 


Sample: 
NaHCO, + Н,50, > Na,SO, + H,O + CO, 


Answer: In this equation, you should notice two things. First, oxygen 
appears in several places in the equation. Second, the sulfate ion is present 
on each side of the equation. Our first step is to look for an element that 
appears only once. Sodium is a good starting point. You will very often find 
that metal cations are the best place to start. We begin by placing a 2 in front 
of the sodium atom on the reactants side of the equation: 


2NaHCO, + H,SO, э Na,SO, + H,O + CO, 


Placing this 2 in front of sodium balances the sodium atoms, but it also 
adds two additional hydrogen atoms, two carbon atoms, and six oxygen 
atoms (all from the bicarbonate ion). Carbon is another atom that appears 
only once on each side. There are now two carbon atoms on the reactants side 
and only one on the products side. We can continue by placing a 2 in front 
of the carbon dioxide molecule, СО, on the products side. 


2NaHCO, + H,SO, — Na,SO, + H,O + 2CO, 


The carbon atoms and the sodium atoms are now balanced. Time to pick 
another element. Our choices are hydrogen, oxygen, and sulfur. Since sulfur 
is tied up in a sulfate ion, we will leave that one alone for now. Hydrogen is 
the next easiest element. On the reactant side of the equation, there are a total 
of 4 hydrogen atoms (2 in sodium bicarbonate and 2 in sulfuric acid). On the 


This mental 
checklist helps you 
keep track of the 
atoms you are 
trying to balance. 
As reactions 
become more 
complex, it may 
help you to write 
this list down on 
paper. 
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products side, there are only 2. We can balance the hydrogen by placing a 
coefficient of 2 in front of the water molecule on the products side: 


2NaHCO, + H,SO, > Na,SO, + 2H,O + 2CO, 


At this point, we have balanced everything except sulfur and oxygen. Here 
is where we can take advantage of the sulfate ion. Because sulfate appears 
on each side of the equation, you can treat it as a single element. There is one 
on the reactant side and one on the product side, so it’s balanced. When we 
check the oxygen atoms, we can ignore the oxygen atoms in the sulfate ions 
for now. On the reactant side, we have 6 oxygen atoms. On the products side, 
we have 2 in the water molecule, and 4 in the carbon dioxide molecules, for 
a total of 6. Doing some quick mental checking, we see that all of the atoms 
in the equation are now balanced. By waiting to balancing the oxygen atoms, 
they balanced themselves! 

Another helpful strategy is to look for odd numbers of atoms on one side 
of the equation. If there is an odd number of atoms on one side of the equation 
but an even number on the other, there is no way to balance the equation by 
adding coefficients in front of the even-numbered element. Aneven number 
multiplied by any number will always be even. In these equations, you need 
to work on the odd side. When you multiply an odd number by an even, the 
product is always even. An example of this sort is shown below: 


Cl, + АП, > AICI, +1, 


For both chlorine and iodine, each has an odd number of atoms on one side 
of the equation and an even number on the opposite. If we look at chlorine, 
CL, on the reactants side, there is no coefficient you can put in front of it to 
make it an odd number. So our efforts are best spent on the other side of the 
equation. Because balanced equations must show the lowest whole number 
ratio of reactants and products, you should always start with the smallest 
coefficient possible. If we put a coefficient of 2 in front of the AICL, it will 
give us an even number of chlorine atoms. Italso gives us 2 aluminum atoms, 
making aluminum out of balance. 


Cl, + АП, > 2AICI, + L 


The next step will be to balance chlorine and aluminum. To get 6 chlorine 
atoms on the reactants side, we must put a coefficient of 3 in front of the СІ. 
You will find that this is a fairly common pattern in balancing (finding the 
least common multiple). Next, we need to put a 2 in front of the AIT, to 
balance the aluminum. 


ЗСІ, + 2АП,  2AICI, +1, 


Everything is balanced now, except for iodine. There are 6 on the left and 
only 2 on the right. This is easily remedied by placing a coefficient of 3 in 
front of L: 


ЗСІ, + 2АП, > 2AICI, + 31, 


Doing a quick check, all atoms are now balanced and the coefficients are 
in the simplest whole number ratio. 
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The last strategy for balancing equations is used for balancing combustion 
reactions. Laterin the chapter, we will discuss combustion reactions, but for 
now, assume that a hydrocarbon is reacting with oxygen to form carbon 
dioxide and water vapor. These are particularly nasty reactions to balance 
as the coefficients can get quite large. There is a shortcut that makes the 
process very simple if the fuel contains only carbon and hydrogen. The steps 
to balancing this type of combustion reaction are shown in the example 
below of the combustion of benzene, CH: 


C.H, + O, — CO, + HO 


Step 1: Balance the carbon and hydrogen atoms. To do this, you will need 
to place a coefficient of 6 in front of the CO, and a coefficient of 3 in front 
of the water. 


C,H, + О, > 6CO, + 3H,O 


Step 2: Count the number of atoms on the right side of the equation. (You 
are going to have to cheat a little bit here to make this work out). In this 
equation, there are a total of 15 oxygen atoms on the right side of the equation 
(12 in CO, and 3 in H,O). 

Step 3: Take the number of oxygen atoms from the right side of the equation 
and place a coefficient in front of the O, on the left side that is that number 
over 2. For this, you will make a coefficient of 15/2 (don’t worry—you’ re 
not going to leave it like that): 


15 
CH, + 7 0, 6CO, + 3H 


Step 4: Change the 15/2 coefficient to a whole number, multiplying it by 2. 
When you do that, however, you have to multiply everything by 2 as well. 
When finished, you should have something like this: 


2C,H, + 150, > 12CO, + 6H,O 


This shortcut will save you a lot of trial and error! 


You Try It! 
Balance the following equations. 
Au,O, > Au + О, 


Na,PO, + ZnSO, > Na,SO, + Zn,(PO,), 
MnO, + HCl —> MnCl, + H,O 

CaO + P,O,, > Ca,(PO,), 

C,H,OH + О, > CO, + H,O 

(NH,),S + Co(NO,), —> CoS + NH,NO, 
Al + O, > ALO, 

C,H, + O, — CO, HO 


Qo e у o seo ia ipo КА 
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Answers: 

1. 2Au,0, > 4Au + 30, 

2. 2Na,PO, + 3ZnSO, > 3Na,SO, + Zn,(PO,), 
. MnO, + 4HCI 2 MnCl, + 2H,O 
‚ 6CaO + P,O, > 2Ca,(PO,), 
. C,H,OH +70,  6СО, + 3H,O 
. (NH,),S + Co(NO,), > CoS + 2NH,NO, 
4A] + 30, > 2ALO, 


. 2C,H, +70, > 4CO, + 6H,O 


о - с л KR шо 


MAJOR REACTION TYPES 


There are a few different ways to classify chemical reactions. We will look 
at the most traditional method of classifying reactions, which divides 
reactions into five categories, based on the behavior of the chemicals during 
the reactions: 
1. Combination (synthesis) reactions—two or more substances reacting to form 
a single compound 
2. Decomposition Reactions—treactions in which a single compound is broken 
down into two or more simpler products 
3. Combustion reactions—teactions where oxygen reacts with another sub- 
stance, often producing energy in the form of heat and light 
4. Displacement reactions (Single replacement reactions)—chemical reactions 
in which atoms of one element replace the atoms of a second element in a 
compound 
5. Metathesis reactions (Double-replacement reactions)—chemical change that 
involves an exchange of positive ions between two compounds 


Combination or Synthesis Reactions 


These are reactions in which two or more substances combine to form a 
single product. A general equation for a combination reaction is: 


А +В ә AB 


Example: N,(g) + 3H,(g) > 2NH,(g) 


NOTE: The characteristic feature of these reactions is that only one product 
is formed. No other type of reaction has this outcome. 


Decomposition Reactions 


These are reactions in which a single compound is broken down into two or 
more simpler products. The products of adecomposition reaction can be any 
combination of elements and compounds. It is usually difficult to predict the 
products of decomposition reactions, but if a simple binary compound 
breaks down, the products will usually be the constituent elements. (Con- 
stituent elements are those elements that make up a compound.) Most 
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decomposition reactions require energy to occur. A general equation for a 
decomposition reaction is 
АВ э А +В 


Example: 2 HgO(s) —— 2 Hg(/) + О, (5) 


NOTE: The distinguishing feature of these reactions is that there is a single 
reactant. No other reaction has a single reactant. 


Combustion Reactions 


These are reactions where oxygen reacts with another substance, often 
producing energy in the form of heat and light. These reactions typically 
involve hydrocarbons, which are compounds of hydrogen and carbon. 
When hydrocarbons react with oxygen, they generate water vapor and either 
carbon dioxide or carbon monoxide as products. For the combustion of 
hydrocarbons, there are two types: complete and incomplete. 

Complete combustion occurs when there is ample oxygen and the reaction 
generates carbon dioxide and water as products. A general equation for the 
complete combustion of a hydrocarbon is 


CH, +0, э СО, + Н,0 


Example: 2 C.H, + 15 О, 5 12 СО, + 6 H,O 


Incomplete combustion occurs when there is insufficient oxygen. Carbon 
monoxide and water are generated as products. A general equation for the 
incomplete combustion of a hydrocarbon is 


CH, + O, > CO + H,O 


Example: C,H, + 20, > 2CO + 2 H,O 


Metathesis Reactions 


The term metathesis literally means “to transpose.” The term “double 
replacement" is often used to describe these reactions because the cations 
switch places with each other. These are chemical reactions that involve an 
exchange of positive ions between two compounds and that generally take 
place between two ionic compounds in an aqueous solution. The driving 
force that causes these reactions to occur is a decrease in the number of ions 
from the reactants to products. This will occur when a stable product forms 
from the ionic reactants. The three types of stable products that can form are 
a precipitate (or an insoluble solid), a gas (gaseous materials will bubble out 
of the solutions and leave the reaction mixture), or a stable molecule (a weak 
electrolyte, or nonelectrolyte, such as water). A general equation for a 
double-replacement reaction is 


AB + CD > AD + CB 


Example: BaCl, (aq) + K,CO, (aq) > BaCO, (s) + 2 KCI (aq) 
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Note how the barium and potassium ions have simply been exchanged 
between the two negative ions. Also note that on both sides of the equation 
there are two ionic compounds. This is a good indicator that an equation 
represents a double-replacement reaction. 


Precipitation Reactions 


One of the three types of metathesis reactions is driven by the production of 
an insoluble solid. While we are going to go much more in depth about 
solubility in Chapter 14, there are some basic rules you can learn now that 
will provide you with more than enough information to predict the products 
of chemical reactions. These basic rules, usually referred to as solubility 
rules, are listed in Table 10.5. When reading the chart, keep in mind that all 
the solutions listed are aqueous solutions (water is the solvent). The term 
“insoluble” is not exactly correct. All materials are soluble to a certain 
degree, though, for some materials, the degree of solubility is so small it is 
negligible. In these cases, we refer to the material as insoluble. You will 
learn more about this in Chapter 14. 


Table 10.5 Solubilities of common ions 


Soluble compounds Exceptions 


All compounds of the alkali metals 
(Group IA) are soluble. 

All salts containing NH,*, NO,, CIO, 
and C,H,O, are soluble. 


All chlorides, bromides, and iodides Halides where Ag*, Pb?*, and Hg,” 
(salts containing СГ, Br, or Г) are the cations are insoluble 
are soluble 
All sulfates (salts containing SO?) Sulfates with the cations Hg”*, Pb?*, 
are soluble Ca?**, Sr*, and Ba”. 
Insoluble compounds Exceptions 


All hydroxides (OH: compounds) and Hydroxides and metal oxides 


all metal oxides (O^ compounds) combined with Group IA elements 
are insoluble. and Ca”, Sr?* and Ba”. 

NOTE: When metal oxides do Group IA and NH,* compounds are 
dissolve, they react with water to are soluble 


form hydroxides. 
For example: 
Na,O(s) + Н,О@) ^ 2NaOH(aq) 


All compounds that contain PO Tun 
СО, SO,”, and 5? are insoluble 


When you attempt to determine products of a precipitation reaction, you 
need to think back to what the solutions look like. For example, suppose you 
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have two beakers, one containing an aqueous solution of lead (П) nitrate, 
Pb(NO,),, and the other containing an aqueous solution of potassium iodide, 
KI. Prior to mixing, the contents of the containers look something like the 
diagram in Figure 10.1: 


= 2+ - 
NO4 Pb NO; NO; 
No, NO, me 
рь2* NO, 


Pb?* 
Pb2+ bis NO; NO, 
a o 
No, Pb pp?* 


РЬ? ar 


NO OE NDS 
No, РЫ NOs gae 


NO,- NO; NO,~ 


Figure 10.1 


Each beaker contains a soluble salt, which means that each ionic salt will 
dissolve in the water. Crystalline Pb(NO,),, when added to water, dissolved. 
The same happened to KI. In each beaker, since the salts are soluble, the ions 
are dissolved in water and floating about. In the first beaker, if a lead ion 
encounters a nitrate ion, it may stick together briefly, but because the salt is 
soluble, it will quickly dissolve into solution again. The same is true for the 
KI beaker. If you dump some of each beaker into a third beaker, you are 
going to mix all four of the ions together like in Figure 10.2: 


Figure 10.2 


At this point, all four ions are free to interact, so there will be two 
interactions that were not possible before. The first is Kt and NO, ions, and 
the second Pb?* and Г ions. To determine what will happen next, you need 
to refer to table 10.5, the solubility rules. If you look up the first possible 
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pairing of ions, K* and NO,,, you can determine if potassium nitrate is an 
insoluble product. For two reasons, it is not: all salts made from group 1A 
elements are soluble, and all nitrates are soluble. The next possible product 
then is lead (II) iodide. For this compound, the table says that all iodides are 
soluble except those formed with Ag*, Pb?*, and Hg?*. Therefore, lead (II) 
iodide is an insoluble product. What that means, in terms of our beaker, is 
that when lead ions encounter iodide ions, they will stick together (see 
Figure 10.3). They will continue to stick together in larger and larger 
numbers until visible crystals appear. You have probably seen the bright 
yellow precipitate, lead (II) iodide. What will be left in the beaker is an 
aqueous solution of potassium nitrate and any leftover lead or iodide ions 
(this will be discussed in Chapter 11). 


РЫ, 


РЫ, РЫ» 
Pbl, РЫ, РЫ, 


Pbl, РЫ, РЫ) РЫ, 


РЫ, 


Figure 10.3 
The reaction that we have just described can be written as: 
Pb(NO,),(aq) + 2KI(aq) — PbL(s) + 2KNO (ад) 


To determine if these reactions will occur, you need to write the equation 
as though the cations switch places and then determine if either of the newly 
formed products is insoluble. If it is not, then the reaction will not occur 
(unless one of the next two products—water or a gas—is formed). 


Neutralization Reactions 


These reactions will only be discussed briefly at this point, since they will 
be discussed in detail in Chapter 13. In neutralization reactions, an acid and 
a base are combined to form a salt and water. These reactions apply to acids 
that dissociate to form free hydrogen ions in solution and bases that 
dissociate to form free hydroxide ions. For example, when hydrochloric 
acid, HCl, is combined with sodium hydroxide, NaOH, the reaction pro- 
ceeds as follows: 


HCl(aq) + NaOH(aq) > Н,О@) + NaCl(aq) 


Some other neutralization reactions can occur that are not as obvious as 
this one, but these will be addressed in Chapter 13. 
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Gas-forming Reactions 


These reactions are also acid-base interactions. One of these that may 
immediately come to mind in this category is a reaction that you more than 
likely did as a child—mixing vinegar and baking soda. Now that you are an 
AP chemistry student, you know that you were really mixing acetic acid, 
HC,H,O,, and sodium bicarbonate, NaHCO,. When these two substances 
are mixed, the reactions proceeds as follows: 


HC,H,O,(aq) + NaHCO,(aq) э NaC,H,O (aq) + H,CO,(aq) 


Although the sodium bicarbonate is a solid when it is added to the acetic 
acid, it must dissolve in the aqueous solution before the reaction can occur. 
Thatis why itis shown as (aq)in the reaction. Now that you have written this 
out, you may be trying to figure out where the gas is. The gas is produced 
when the unstable product, carbonic acid, decomposes to form water and 
carbon dioxide gas: 


H,CO,(aq) > H,O(/) + CO,(g) 


If you combine the two equations, you can see that the reaction is a 
neutralization reaction and produces a gas: 


HC,H,0,(aq) + NaHCO, (aq) > NaC,H,0,(aq) + H,O() + CO,(g) 


IONIC EQUATIONS 


The equations you have been looking at up to this point have been known 
as molecular equations. They are called this because all of the substances 
are written as though they are molecules, even when they may not presently 
be in that state. For example, in the previous section, two substances we were 
discussing were lead (II) nitrate and potassium iodide. In the example that 
used the two substances, both were in an aqueous solution. When the two 
solutions were mixed, the reaction occurred and crystalline lead (II) iodide 
was formed. However, if you had taken the crystalline forms of each 
reactant, Pb(NO,), and KI, and thrown them together, they would have sat 
there for an indefinite amount of time with little or no reaction occurring. 
The two materials need to be dissolved (or in a molten state) for the reaction 
to occur. In the equation for the reaction, though, the materials are written 
as though they were molecules: 


Pb(NO,),(aq) + 2KI(aq) — PbL (s) + 2KNO,(aq) 


Potassium nitrate, KNO,, is written as a molecule, even though that 
material can’t form in water. For this reason, there is another type of equation 
that is often used to describe reactions that involve ions. It is known as an 
ionic equation. Instead of writing the formulas for the substances as 
molecules (or salts), we will write the formulas for the ions that would be 
present in aqueous solution. If the previous equation is rewritten as an ionic 
equation, it will become 


Pb**(aq) + 2NO, (aq) + 2K*(aq) + 2I (aq) — PbL(s) + 2K*(aq) + 2NO, (aq) 
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Note that in the ionic equation, nitrate ions on the reactant side of the 
equation acquired a coefficient of 2. This is because when Pb(NO,), 
dissociates, it forms one Pb?* ion and two NO, ions. Also noticethat the lead 
iodide, РЫ, is written as a solid on the products side of the equation. АП 
precipitates will be written this way. Although this doesn't appear in the 
previous example, when nonelectrolytes or weak electrolytes like water 
appear in an ionic equation, they are written in their appropriate state, such 
as H,O(/). 


Net lonic Equations 


If you look at the equation in the previous example, there are a few ions that 
haven't done anything. Let's look at the equation again, with these high- 
lighted so you can see that they do nothing: 


Pb^(ag) 4 2NO, (ад) +) 2K*(aq)| + 2F (aq) — PbI,(s) + 2K*(aq) |+ 2NO, (aq) 


Ions that haven't done anything are known as spectator ions. Just like 
spectators watch a football game without taking part in it, these spectator 
ions “watch” the reaction without taking part in it. The equation can be 
rewritten without the spectator ions. When itis written this way, itis known 
as a net ionic equation. The previous equation, written as a net ionic 
equation, is 


Pb?*(aq) + 2E (aq) > Pbl(s) 


This equation only shows the ions that are actually involved in the 
reaction. It also helps to point out other reactions that are possible. For 
example, any soluble lead salt, when combined with any soluble iodide salt, 
will produce the insoluble lead (П) iodide. 


You Try It! 
Write net ionic equations from the following pairs of reactants. Use the 
solubility to determine the products when necessary. All pairs will react to 
form products. 
1. H,SO (aq) + BaCl (aq) 
2. Pb(NO,),(aq) + MgSO (ад) 
3. NaOH(aq) + HNO,(aq) 
4. Sr(C,H,O,),(aq) + NiSO (aq) 
5. Fe(OH),(s) + HCIO (aq) 


Answers: 
1. Ba**(aq) + HSO, (aq) — BaSO,(s) + H'(aq) 


2. Pb*(aq) + SO" (aq) > PbSO,(s) 

3. H*(aq) + OH (aq) > H,O) 

4. Sr°*(aq) + SO/ (aq) > SrSO,(s) 

5. Fe(OH) (s) + 3H*(aq) > Fe**(aq) + ЗН,О(0) 
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Single Replacement Reactions 


These reactions are part of a larger category of reactions known as redox 
reactions (redox is short for oxidation-reduction). Sometimes these are 
called displacement reactions. These are chemical reactions in which atoms 
of one element replace the atoms of a second element in a compound. A 
general equation for a single-replacement reaction involving a metal (A), 
replacing a metallic cation in solution (B) is: 


A+BC—>AC+B 


Example: Zn(s) + 2AgNO (aq) — Zn(NO,),(aq) + 2Ag(s) 


Whether one metal will replace another metal from a compound is 
determined by the reduction potential of the metal, found on a table of 
standard reduction potentials (like the one available to you on the AP exam). 
If the metallic element is higher on the chart than the cation, it will replace 
it. If it is not higher on the chart, no reaction will occur. 

For a nonmetal (D), replacing a nonmetallic anion, the general form of the 
reaction is 


р+ Вс ә Вр + С 


Example: Cl, + 2NaBr — 2NaCl + Вг, 


These reactions are typically limited to the halogens. The procedure for 
predicting the outcome of these reactions is the same as for the metals. The 
halogens also appear on the table of standard reduction potentials, but for 
reasons we will discuss in Chapter 17, the halogens get more reactive as you 
go up the table of reduction potentials. An easy way to remember the 
reactivities of the halogens is they are less reactive going down the group (as 
atomic number increases). 


You Try It! 
Predict the outcome ofthe following reactions. Not all substances may react. 
When a reaction does occur, write the complete and balanced equation, 
followed by the net ionic equation. 

1. Fe NaCl(aq) > 


2. F, + AICI (aq) > 
3. K +CuSO,(aq) > 
4. Pb KCl(aq) > 
5. Mg + HCl(ag) > 


Answers: 
1. No reaction 
2. ЗЕ, + 2AlCl (aq) > 2AlF (aq) + 3Cl; ЗЕ, + 6Cl — 6F + ЗСІ, 
3. 2K + CuSO,(aq) > K,SO,(aq) + Cu; 2K + Cu* > 2K*+Cu 
4. No reaction 
5. Mg(s) + 2HCl(aq) > MgCl,(aq) + H,(g); Mg + 2H* > Mg” + Н, 
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Gaining Electrons 
is Reduction 
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OXIDATION-REDUCTION REACTIONS 


Redox reactions are not limited to single replacement reactions. They really 
describe a wide variety of reactions, but each shares the common theme of 
involving an oxidation and a reduction. An oxidation occurs when a 
substance loses electrons and becomes more positively charged. Earlier in 
the book we discussed a similar phenomenon in the formation of ionic 
compounds. Substances don't just lose electrons for no reason. They lose 
electrons because another substance takes them. When a substance acquires 
additional electrons and becomes more negatively charged, it is called a 
reduction. An oxidation cannot take place without a reduction, so these 
processes must occur simultaneously. These reactions describe the simulta- 
neous oxidation and reduction of materials, which has earned them the name 
oxidation-reduction reactions. 

Two terms you should be familiar with are oxidizing agent and reducing 
agent. An oxidizing agent is a substance that oxidizes another substance. 
This means it is causing the other substance to lose electrons. The only way 
to do this is for the oxidizing agent to gain the electrons or become reduced. 
Therefore, oxidizing agents oxidize other materials while they are being 
reduced. Similarly, a reducing agent is a substance that reduces other 
materials by becoming oxidized. In other words, reducing agents are giving 
away electrons. We are going to look at this more closely in Chapter 17, but 
there is one important application for this chapter. The table of standard 
reduction potentials that you are given on the AP exam is a helpful way to 
predict the outcome of redox reactions. The way it is set up, the strongest 
reducing agents are at the top of the chart (have the most negative values), 
andthe strongest oxidizing agents are located at the bottom of the chart (have 
the most positive values). 


Oxidation Numbers 


An oxidation-reduction reaction has to be accompanied by a change in the 
oxidation state of the reactants. Sometimes, these changes aren't that 
obvious. It helps if you learn how to follow the oxidation states of an 
element during a chemical reaction. In ionic compounds, itis very obvious 
where the electrons have been transferred. However, in molecular com- 
pounds, electrons are being shared. Oxidation numbers are really fictitious 
creations that help us better understand atomic behavior. If you remember 
back to Chapter 5 when we discussed covalent bonds, you may recall that 
electrons are being shared between atoms in a covalent bond. In many 
cases, one atom is more electronegative than the other, resulting in a polar 
bond. When you determine the oxidation number of an atom, you pretend 
that the more electronegative element actually got the entire charge of the 
electron and the less electronegative element lost it. Therefore, in a water 
molecule, the more electronegative oxygen would be assigned both of the 
electrons from the hydrogen atoms, giving it an oxidation number of —2. 
Hydrogen would have an oxidation number of +1. Oxidation numbers are 
usually written with the sign of the charge written before the number 
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instead of after it. This is so you don't confuse them with real charges 
found on ions. There are some rules that are followed to simplify the 
process of assigning oxidation numbers: 


1. The oxidation number of an element in its normal state is zero. A piece of 
copper, Cu, would have an oxidation number of 0. Chlorine gas, СІ, will also 
have an oxidation number of zero. Even though some elements are diatomic, 
remember that the electrons in those bonds are shared evenly, so no number is 
assigned. 


2. Oxidation numbers for monatomic ions are the same as their charges. K* has 
an oxidation number of +1, and O^ has an oxidation number of —2. 


3. Inabinary compound, the more electronegative element is assigned a negative 
oxidation number equal to the charge it would have in simple ionic compounds. 
For example, in CCI,, the chlorine atoms are assigned oxidation numbers of 
—] because in ionic compounds, chloride ions have a 1^ charge. 


4. Forany electrically neutral compound, the sum of the oxidation numbers will 
always equal zero. For any ionic species (like polyatomic ions), the sums of the 
oxidation states of the elements will equal the charge of the ion. In CCL, if each 
chlorine is assigned a—1 oxidation number, then carbon must be assigned a +4 
so the net charge will be zero. In a polyatomic ion, like nitrate, NO, , oxygen 
is the more electronegative element, so it will be assigned a —2 oxidation 
number. Because there are three oxygen atoms in a nitrate ion, the total 
oxidation state for oxygen is —6. Since the sum of the oxidation states must 
equal the charge of the ion, nitrogen must have an oxidation number of +5 so 
that the sum will be -1: -6 + 5 2-1 


Sample: 
Assign oxidation numbers to all atoms in the following: 
A. SF, 


B. CULO 
C. PO, 


Answers: 

A. Fluorine is always going to have to have an oxidation number of -1. It is the 
most electronegative element, so nothing will ever have a higher electronega- 
tivity. Therefore, the 6 fluorine atoms will give a total of 6(-1) = —6. Because 
this is a neutral molecule, the sum of sulfur's oxidation number and the six 
fluorines must be zero. That means sulfur must be +6. 


B. Oxygenis more electronegative, so it will have the negative oxidation number. 
It will have the charge it has in ionic compounds, which is 2—. Oxygen will 
always have a —2 oxidation number, except when it appears as a peroxide ion 
(Oc where it will have a –1. Since there are 7 of them, the total will be 
7(—2) = -14. The sum of the two chromium atoms and oxygen must equal the 
charge of the ion (27). Therefore, each chromium must have a +6 oxidation 
number. 2(+6) + 7(—2) = -2. 


C. PjO,isaneutral molecule in which oxygen is the more electronegative element. 
With 5 oxygen atoms, the total negative oxidation number is 5(-2) = —10. Since 
there are two phosphorous atoms, each will have an oxidation state of +5. 
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You Try It! 
Assign oxidation numbers to the atoms in the following: 


A. PbS 
В. MnO- 
C. NO, 


Answers 
A. Pb = +2, S = -2 B. Mn = +6, O = -2 C.N=+5,O=-2 


One of the main purposes for using oxidation numbers is to follow the 
movement of electrons during an oxidation-reduction reaction. Doing so 
helps to predict the products and determine the outcomes of such reactions. 
There are a few different ways to analyze redox reactions, but we will focus 
on only one: theion-electron method (also called the half-reaction method). 
The procedure requires that you know the reactants and products of the 
reaction, but, by going through the process, you will gain a better under- 
standing of the mechanisms by which these reactions proceed. 


Understanding the Oxidation-Reduction Process 


These reactions all proceed by the transfer of electrons from one substance 
to another. Part of understanding the process is recognizing when these 
transfers are taking place. For example, if you look at the equation for the 
reaction that takes place between magnesium metal and hydrochloric acid, 
you may not notice the transfers unless you learn to look for them. The 
equation is written as: 


Mg(s) + 2HCl(aq) > MgCl (aq) + H,(g) 


You’ ve probably seen this reaction, and you may have even performed it. 
There are no charged particles visible. However, let’s begin by looking at the 
oxidation states of each substance in the reaction. Rewriting the equation 
with the oxidation states written above each element, we can see that there 
are a few changes: 

0 +1 +2 0 
Mg(s) + 2HCl(aq) > MgCl(aq)+ H,(g) 

You can see that magnesium has lost two electrons and hydrogen has 
picked up one electron. Another way to see the process is to write an ionic 
equation, like you learned in the last section: 


Mg(s) + 2H*(aq) + 2Cl-(aq) > Mg**(aq) + 2СГ(ад) + H,(g) 
Looking at the ionic equation, you can see that electrons are actually being 
transferred. If we write the net ionic equation, you will see that the only 


atoms participating in the reaction are those whose oxidation numbers have 
changed. 


Mg(s) + 2H*(aq) > Mg**(aq) + H,(g) 


In this reaction, you may be able to see the movement of electrons just by 
looking at the equation. Some other equations are more difficult and will 
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require you to follow a series of procedures to complete them. We will begin 
to look at those rules using this relatively easy example. 

The first step in balancing the equation is to write an unbalanced net ionic 
equation for the reaction. We'll dispense with the states for now. 


Mg + Ht > Mg” +H, 


The second step requires you to separate the equation into two separate 
half-reactions. A half-reaction only shows what is going on in half of the 
reaction. The first half-reaction shows the oxidation and the second half- 
reaction the reduction. 


Oxidation: Mg — Mg** 
Reduction: H* > H, 


In the third step, you need to make sure you have the same number of each 
atom on each half of the equation. 


Oxidation: Mg > Mg” (this one doesn't change) 
Reduction: 2H* > H, 


In the fourth step, you need to add electrons to the equation to balance the 
charges. Write them in the equation as though they are elements with the 
symbol е. 


Oxidation: Mg — Mg” + 2e 
Reduction: 2H* + 2e > H, 


You may be able to look at these two equations and think, "Hey, 
magnesium lost two electrons, and the hydrogen atoms gained two elec- 
trons." Coincidence? Nope. That's why this method is helpful. It explains 
where the electrons go, and how this dictates the outcome of the reaction. In 
this simple reaction, we left out a few steps because they weren't required. 
We'll finish this section by tackling two more challenging examples that 
will require you to use all of the rules. 


Reactions in Acidic Solutions 


In this first reaction, an acidified solution of potassium dichromate, K,Cr,O_, 
reacts with a solution of potassium chloride, KCl. This type of problem 
periodically appears on the AP exam. The skeleton equation for this reaction is 


CO + СГ — Cl, Cr 


Step 1: Just like the last example, we need to begin by writing the unbal- 
anced skeleton equation in ionic form: 


Cr Ore СГ — Cl, + Сг* 
Step 2: Same as last time—convert the reaction into half-reactions. 


Oxidation: Cl > Cl, 
Reduction: Сг,О, — Cr** 


(If you don’t recognize it, the oxidation state of chromium has changed 
from +6 to +3) 
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Step 3: At this point, things get a little different. Balance the atoms other 
than O in each half-reaction. 


Oxidation: 2Cl > Cl, 
Reduction: Сг,О — 2Cr** 


Step 4: This step was not in the previous example. For reactions in an acidic 
medium, add H,O to balance the oxygen atoms. In doing this, you will create 
some hydrogen atoms. You will need to balance those next, by adding H+ 
ions to the other side of the equation. All of these species are present in acidic 
solutions. 


Ст,0,2- 2 2Cr* + 7H,O 
You have to balance the hydrogen atoms now, so add H* to the other side 
14H* + Cr,O- 2 2Cr* + 7Н,0 
Step 5: Add electrons to the half-reactions to balance the charges 
Oxidation: 2СГ — Cl, + 2e 


(The total number of negative charges on the left side is 2 and on the right 
is 0. We need to add 2e to the right to balance the charges.) 


Reduction: 14H* + Cr,O,> + бе — 2Cr* + 7H,O 


The total charge on the left is 12*, obtained from 14* on hydrogen plus 27 
on the dichromate ion. The total charge on the right is 6*, from the two 
chromium (III) ions. To balance the charges on the right and left, we must 
add бе to the left, making the total charge 6*, the same as the right side. 


Step 6: At this point, you need to remember what we said about oxidation 
and reduction. One substance is oxidized and the other reduced. As the 
equations exist right now, the chloride ions have lost 2 electrons, but the 
chromium atoms have gained 6 electrons. That's impossible! The 6 elec- 
trons had to come from the chloride ions. In step 6, therefore, we need to 
equalize the number of electrons in each half-reaction. We need to increase 
the total number of electrons lost by the chloride ions to 6. To do this, we 
have to multiply the entire half-reaction by 3. 


Oxidation: 6СГ — 3CI, + 6e 
Reduction: 14H* + Сг,0 + бе — 2Cr* + 7H,O 


Step 7: In the final step, you're going to combine the two half-reactions. 
After you have done this, you want to double check to make sure that all 
charges are balanced and that the number of atoms is balanced. Once you 
have done that, remove the electrons, and you're left with the balanced net 
ionic equation. 


14H* + Cr,O;^ + 6СТ + 6e  2Cr* + 3CI, + 7Н,О+ 6e 
net ionic equation: 14H* + Cr,O,* + 6СГ — 2Cr** + ЗСІ, + 7H,O 
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Reactions in Basic Solutions 
Occasionally, you will have problems where the reaction takes place in a 
basic medium. In these problems, when you reach step 4, you add the water 
molecules to balance the oxygen atoms, and then add the hydrogen atoms to 
balance the hydrogen atoms in water (that's the same as what you normally 
do in step 4 for an acidic solution). After that, however, you add hydroxide 
(OH) ions on both sides of the equation to balance out the hydrogen atoms. 
After you do this, there will be Н? ions and OH ions on the same side of the 
equation. You combine them together to form water molecules (as many as 
you can form) and cancel the number of water molecules that appear on both 
sides of the equation. In this example, we will look at a reaction that takes 
place in basic solution. If you're pressed for time, you can probably skip 
this—these rarely appear on the exam. 

The skeleton equation: MnO; + Г — MnO, + IO, 
Step 1: Write the unbalanced ionic equation. 

MnO, + I- > MnO, + IO; 
Step 2: Convert the reaction into half—reactions. 
Oxidation: Г > IO, 
(Iodide has changed oxidation states from —1 to +5.) 


Reduction: MnO =» MnO, 


(The oxidation state of manganese has changed from +7 to +4.) 


Step 3: Balance the atoms other than oxygen. 
Both atoms are already balanced 
Step 4: Balance the oxygen atoms with water. 


Oxidation: 3H,O +r ә IO, 
Reduction: MnO Жа; MnO, + 2H,O 


Next, balance the hydrogen atoms with H*. 


Oxidation: 3H,O +r ә IO; + 6H* 
Reduction: MnO at 4H* > MnO, + 2H,O 


This next part is what's different for a basic solution, adding OH ions to 
both sides of the equation for every Н“. 


Oxidation: 3H,O + T + 60H — IO, + 6H* + 60H- 
Reduction: MnO b 4H* + 40H > MnO, + 2H,O + 40H- 


Now, you form water molecules where you can add H+ and OH- together. 


Oxidation: 3H,O + Г + 60H — IO, + 6H,O 
Reduction: MnO у 4H,O > MnO, + 2H,O + 40H- 


Finally, we will cancel the extra water molecules and proceed to step 5. 


Oxidation: Г + 60H — IO, + 3H,O 
Reduction: MnO Pages 2H,O => MnO, + 40H- 
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Step 5: Add electrons to each half—reaction to balance the charges. 


Oxidation: Г + 60H > IO, + бе-+ 3H,O 
Reduction: MnO р Зе-+ 2H,O => MnO, + 40H- 


Step 6: Modify the half—reactions, so the total electrons are the same. 


Oxidation: Г + 60H- > IO, + бе-+ 3H,O 
Reduction: 2MnO yt бе+ 4H,O => 2MnO, + 80H- 


Step 7: Combine the half reactions and balance all electrons and atoms. 
We’ll remove any excess water molecules or hydroxide ions in this step. 


2MnO, + 6e 4H,O + Г + 60H- — 2MnO, + 80H- + IO, + 6e+ 3H,O 
net ionic equation: 2MnO, + H,O + I — 2MnO, + 20H + ІО, 


You Try It 
Balance the following redox reactions, using the half-reaction method. 
Write your answers as net ionic equations. 


A. Mn(s) + H,SO,(aq) — MnSO (aq) + H,(g) 


B. Pb(s) + AgNO,(aq) — Pb(NO,),(aq) + Ag(s) 
C. MnO, (aq) + Cl (aq) > Mn,*(aq) + Cl (ад) in acidic solution 


Answers: 


A. Mn(s) + 2H*(aq) ә Mn**(aq) + H,(g) 
B. Pb(s) + 2Ag*(aq) > Pb2*(aq) + 2Ag(s) 
C. 2MnO, (aq) + 10CI (aq) + 16H*(aq) > 2Mn**(aq) + 5CI,(g) + 8Н,О 


What You Are Going to Be 
Accountable for on the AP Exam 


This topic rarely appears in the multiple-choice portion of the AP exam. It 
is always found in the Free Response section of the test, where you are 
presented with 8 reactions, from which you must select 5. You are given the 
reactants and conditions for eight different possible reactions. The reactants 
are written as words, and you are to translate them into symbols. Each of the 
five reactions that you write is worth 3 points. Over the years, averages on 
this section are usually between 6 and 7 out of 15. What that means to you 
is if you get two of these correct, you are doing about as well as someone who 
has a cumulative score of 3 on ће AP exam. Many of the reactions may seem 
very strange, but you shouldn’t panic when you get to this part. There are 
some strategies you can use to help you improve your chances on this 
section. 
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1. The instructions say that you are to assume that solutions are aqueous unless 
otherwise indicated. This means it is not necessary to write (aq) next to each 
reactant and product in solution. The same is true for the phases of the 
substances. You do not need to write (s), (/), ог (а). 


2. The instructions also say to represent substances in solution as ions if the 
substances are extensively ionized. That means that if the substance dissolves, 
you should use an ionic equation to describe the constituent ions. 


3. The instructions also say to omit formulas for any ions or molecules that are 
unchanged by the reaction. This is the equivalent of using a net ionic equation. 


4. Finally, the instructions say that you need not balance the equation. Don't 
interpret this as saying “...but we'll be really impressed with you if you do!” 
It does not. There are a few places on the exam where you can show off your 
equation-balancing prowess, but this is not one of them. 

5. Of the 3 points for each question, one of the points is for correctly writing the 
reactants. The other two points are for correctly writing the products. There are 
some things you should know about how these points are awarded. First, if you 
include any spectator ions on the reactant side, you will lose the reactant point 
for that question. If a reaction is written as a molecular equation instead of an 
ionic equation, you will only earn one point, even if the products are correct. 
When you write the charges for ions, they must be correct or you won’ t earn any 
points. 


Now that you have some awareness of what will be expected of you on the 
AP exam, let's review the material in the chapter. There are far too many 
chemical reactions to worry about memorizing individual reactions. In- 
stead, you should focus your attention on learning the identifying character- 
istics of the different types of reactions so that you can more effectively 
predict the possible products. In addition, you should learn the basic 
mechanisms for each type of equation to help you with your response. 
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An easy mnemonic 
device to remem- 
ber the diatomic 
elements is Dr. 
Brinclhof. If you 
spell the last name 
this way, 
BrINCIHOF, you 
should quickly 
recognize the 
seven diatomic 
elements: 
Br(omine), l(odine), 
N(itrogen), 
Cl(chlorine), 
H(ydrogen), 
O(xygen), and 
F(luorine) 
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SUMMARY OF THE 
FIVE MAIN REACTION TYPES 


Table 10.6 summarizes the distinguishing characteristics of the different 
reaction types. 


Table 10.6 


Distinguishing 


Reaction Type General Equation Characteristics 


Combination А +В — АВ On the exam, these will usually 
have two elements as reactants. 
Decomposition АВ э А +В Yov're only given a single re- 


actant. You'll most likely be 
given a set of conditions as 
well (i.e., heating, etc.) 
А + ВС э АС +В 
Ог with an ionic compound 
D+BC—>BD+C (usually in solution). 


AB + CD > AD + CB 


Single Replacement A neutral element combined 


These will have different 
combinations we will look atin 
more detail. A key feature 
though is the presence of two 
binary reactants (usually both 
ionic, but not always). 


Metathesis 
(double replacement) 


Combustion CxHy + O, > COQ) - HO The two in CO, is written in 
parentheses because sometimes 
CO is a product. Not all com- 
bustion reactions involve hy- 
drocarbons. These questions 
usually use the word “burn” in 


the conditions of the reaction 


Combination 


In combination reactions, the reactants combine to form a single product. 
Because a combination of an element and a compound or two compounds 
would be difficult to classify as a combination reaction, the reactions on the 
AP exam that are combination reactions tend to use two elements. So, if you 
encounter two elements on the exam, they will undergo a combination 
reaction. 


Sample: Magnesium metal is heated strongly in the presence of nitrogen gas. 


Answer: When you read this, you have to know that nitrogen gas is a 
diatomic element. You also have to assume that strong heat means the 
reactants probably wouldn't react otherwise. When you write the reactants 
and products, you do not need to write the states of conditions ofthe reaction. 
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Mg + №, > Mg,N 


2 


The formula Mg,N, was obtained by using the crisscross method. You can 
use the periodic table on this part of the exam, so you should really make an 
effort to memorize the common charges of ions, or oxidation states, by an 
elements position on the chart. 


Decomposition 


These are probably the easiest to detect, even if they aren't the easiest to 
determine the products for. The reason they are easiest to detect is there will 
only be a single reactant. You will usually be told something is being done 
to it, like heating, but no other reactant is mentioned. There may be a catalyst 
mentioned, but it will be labeled as a catalyst. 


Sample: Potassium chlorate crystals are heated strongly in the presence of 
the catalyst manganese dioxide. 


Answer: There's only one reactant, so this must be a decomposition 
reaction. The main problem is to try to determine the correct products. 
Usually, decomposition reactions are going to produce gases and salts. If 
nothing else, you are guaranteed one point if you can correctly write the 
formula of the reactant! 


KCIO, > KCI + O, 


Combustion Reactions 


The key term to look for in these questions is the word “burn.” Combustion 
reactions can occur with different types of materials, but the most common 
and the most widely used on the AP exam is combustion of hydrocarbons. 
While the products are easily predictable, you have to have an understanding 
of organic chemistry nomenclature (we will discuss that in chapter 20) to be 
able to write the formulas of the reactants. 

In all of these combustion reactions, the hydrocarbon reacts with oxygen. 
Ifsufficient oxygen is available for the hydrocarbon to react completely with 
the oxygen, a complete combustion occurs, where the products are CO, and 
H,O. If insufficient oxygen is present, carbon monoxide, CO, will form 
instead. Occasionally, the AP questions will specify an “excess of oxygen 
gas” to let you know that a complete combustion is expected. 


Sample: Butane gas is burned in air. 


Answer: Past AP exams have used the word “air” in combustion questions. 
Assume that the word air represents oxygen when you answer the question. 
The only other difficult part on a question like this will be remembering the 
structure of butane. The reaction proceeds as 


CH, + O, —5 CO, + H,O 
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Occasionally, other compounds will be burned besides hydrocarbons. If 
the compound contains carbon, assume that one of the products is likely to 
be carbon dioxide (or carbon monoxide). 


Sample: Carbon disulfide vapor is burned in oxygen. 


Answer: CS, + О, — CO, + SO, 


Double Replacement Reactions 


These will take a variety of forms. The one thing they will all have in 
common is that two compounds will be reacting. What those compounds are 
will give you clues about how the reaction will proceed. 


Precipitation Reactions 

In these reactions, you will see two salt solutions added together. You need 
to use the solubility rules to determine the insoluble solid. Remember that 
in these reactions there are spectator ions, so make sure you leave them out 
of your equation. 


Sample: A test tube containing a solution of silver nitrate is added to a 
beaker containing a solution of sodium chromate. 


Answer: First thing to do is look at the possible products here: sodium 
nitrate and silver chromate. If you remember your solubility rules, you will 
know that silver chromate is the solid here. Therefore, the reaction will 
look like 


Ag* + CIO," — Ag,CrO, 


Remember, silver is one of the four metals that only have one charge. If 
you forget the charge, it does appear on the reduction potentials chart. Also 
note that the spectator ions are omitted. 


Neutralization Reactions 

In a neutralization reaction, an acid or a base will combine to form neutral 
products. There are several variations here, but we have not yet gone over 
the specifics of acid-base chemistry. At this point, we will only look at a 
simple neutralization between a strong acid and a strong base. In chapter 15 
we will take a deeper look at acid-base chemistry. 


Strong Acid and Strong Base 
These are like the examples we looked at earlier in the chapter. An acid and 
a base react to yield water and a salt. 


Sample: A solution of hydrochloric acid is added to an equimolar solution 
of sodium hydroxide. 


H* + OF- > H,O 
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Gas-forming Reactions 
In these reactions, a gas is formed as a product, which drives the reaction. 
A very common example is used in the identification of limestone. 


Sample: A piece of solid calcium carbonate is added to a solution of dilute 
hydrochloric acid. 


CO, + H* > H,O + CO, 


While НСО is an acceptable answer for a product, it is very unstable and 
rapidly decomposes to form water and carbon dioxide. 


Displacement Reactions 


These reactions will take a few different forms, but there are some things in 
common. The main thing is the presence of an element and a compound. 
Usually, the element will be a metal, but sometimes it will be a halogen. The 
compound will either be a dissolved salt or water. You will be able to use the 
chart of standard reduction potentials on this section, so you should be able 
to determine the activity of the elements. You should make a point of 
memorizing the cutoff points for the replacement of hydrogen. In general, 
the materials above hydrogen on the chart will replace H in acids, but only 
those from sodium through the top will replace H in liquid water. 

One type that is a bit more complex but that shows up a fair amount is the 
addition of a metal to a strong oxoacid solution (usually nitric or sulfuric). 
The reason these are selected as often as they are is that they violate the 
typical rules for the replacement of hydrogen in solution. This is because the 
acids act as strong oxidizing agents that will ionize the metal. Copper or 
silver typically appear on the exam because they won't react with other acids 
but they will with the oxoacids. Both metals are oxidized by these acids. 


Sample: A piece of calcium metal is dropped into a container of pure water. 


Answer: Notice how one of the reactants is a single element. This is your 
clue that this may be a replacement. Next, you need to decide if calcium is 
capable of replacing the hydrogen in water. Looking at the list of reduction 
potentials, you notice that calcium is above sodium on that list, so it will 
replace the hydrogen. The reaction, therefore, is 


Ca + H,O 2 Ca* + OH- + H, 


First, notice that the equation is not balanced. It does not need to be. 
Second, notice how the calcium hydroxide is written in ionic form instead 
of molecular. This is a requirement for the AP exam. Hydrogen gas is a 
molecular compound and should be written as such. 


Sample: A strip of magnesium ribbon is lowered into a test tube of silver 
nitrate solution. 


Answer: Again, notice the single element as a reactant and a solution of an 
ionic compound as the other reactant. These are clues for areplacement. You 
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should check to make sure that magnesium is capable of replacing silver in 
solution. A quick glance at the reduction potentials indicates that it will 
easily replace silver, so the reaction should be completed. 


Mg + Ао? ^ Mg” + Ag 


Notice, the nitrate ion is not written, asitis only aspectatorion. Also notice 
that the charges аге not balanced. That's okay; you don’t have to balance the 
equation. It's very important that you know the charges of the elements. For 
someofthe elements, the table of reduction potentials shows the charges, but 
this won't help you as much with the transition metals. 


Sample: Chlorine gas is bubbled through a solution of sodium iodide. 


Answer: A careful look here will show you an element and a dissolved salt 
for reactants. Another careful look will help you recognize that the element 
is a halogen, which means it is going to replace the anion from solution, in 
this case iodide. Sodium is a spectator in this reaction and will be omitted. 


Cl, +r —> СГ + Т, 


Sample: А small piece of copper metal is dropped into a beaker containing 
concentrated nitric acid. 


Answer: You have probably seen this reaction, either as a live demonstra- 
tion or in a video. It is a very dramatic reaction. When the metal is placed in 
the acid, it begins to get very hot, it fizzes, the nitric acid turns green, and a 
very poisonous brown gas is formed. Chemically, the reaction is written as 


Cu + H* + NO, 2 Си" + NO, + H,O 


Had the reaction occurred in dilute nitric acid, the product nitrogen 
dioxide, NO,, would be replaced with nitrogen monoxide, NO. Notice that 
this is nota typical replacement, where hydrogen gas is released. These gases 
are characteristic of the reaction. If sulfuric acid was used instead of nitric 
acid, the gas would be SO,. 
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Flowchart to Determine a Compound Formula When Given a Name 


Does the formula contain Greek prefixes? 


This is an IONIC compound. | 


Does the name contain Roman numerals? 


No Yes 


— 


The Roman numeral represents 
the charge on the cation (+) 


Write the symbol of the cation followed by the symbol of the 
anion. Be sure to include the element symbol and the charge. 


that are a part of a polyatomic ion!) 


Write the formula, using the number of the charge of the cation 
as the subscript of the anion. The number of the charge of the 
anion becomes the subscript of the cation. If a polyatomic ion 
requires a subscript (other than an understood 1), parentheses 
must be placed around the entire ion. Reduce the subscripts to 
the lowest whole number ratio. (But do not reduce subscripts 


Figure 10.4 


No |] n Yes 


ИШ 


This is а MOLECULAR compound. 


The Greek prefixes attached to each element represent the 
number of atoms of that element present in the molecule. 
The one exception is when the first element in the name 
has NO prefix, it means that there is only one atom of that 
element in the molecule. 


Flowchart to Determine a Compound Name When Given a Formula 


Does the formula contain a metal or an ammonium ion? 


| This formula represents an IONIC compound. | 


No 


This formula represents a MOLECULAR compound. 


If the cation is an 
ammonium ion 


If the cation is in 
Group IA, ПА, Al, 
Zn, Cd, or Ag 


If the cation is a metal 
with more than 1 charge 
(any other metal) 


Combine the name of the cation... 


Combine the name of 
the cation followed by a 
Roman numeral equal to 
the charge... 


the polyatomic ion. 


with the name of the monatomic anion ending in -ide, or the name of 


Figure 10.5 


The subscript for each element in the molecule must 
be converted into a prefix for that element. The only 
exception is when the first element in the molecule 
has an understood one for a subscript, no prefix is 
used. The name if the second element must be 
changed to end in -ide. 
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Summary: Reaction Types 


Nomenclature, the naming system for chemical compounds, is summa- 
rized in figures 10.4 and 10.5. Nomenclature for acids is not included in 
the chart. 


Balanced chemical equations obey the law of conservation of matter by 
placing equal numbers of atoms of each element on both sides of a 
chemical equation. 


The five main types of equations are summarized in Table 10.6. 


A shortened form of chemical equation, known as a net ionic equation, 
shows only the atoms that are directly involved in an equation. It also 
represents all materials as they exist in the reaction (e.g., as ions when 
in solution, etc.). 

There are three main types of metathesis reactions, all distinguished by 
the products. One forms a precipitate, another a nonelectrolyte, and the 
third a gas. 

Redox reactions, also known as oxidation-reduction reactions, include 
all reactions where oxidations and reductions occur simultaneously. 


There are specific rules for writing equations that need to be followed 
on the AP exam. You should be familiar with these rules. 
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REVIEW QUESTIONS 


Because this topic only appears as Free Response questions, no multiple- 
choice questions are included in this chapter. As you work through these, 
don't try to memorize them. The reactions change every year, and they are 
very diverse. Make sure youare learning how to write your answers and also 
the major principles that guide all reactions. Learning these will help you 
better predict the products of any reaction. 

Give the formulas to show the reactants and the products for the following 
chemical reactions. Each occurs in aqueous solution unless otherwise 
indicated. Represent substances in solution as ions if the substance is 
extensively ionized. Omit formulas for any ions or molecules that are 
unchanged by the reaction. In all cases a reaction occurs. You need not 
balance the equations. 


1. A clean piece of magnesium ribbon is burned in nitrogen gas. 


2. A beaker of ammonium sulfate solution is added to a saturated solution of 
barium hydroxide. 


3. A sample of solid calcium fluoride is mixed with dilute sulfuric acid. 
4. A crucible containing solid ammonium carbonate is heated. 

5. A pea-sized chunk of sodium metal is dropped into a beaker of water. 
6. Ammonia gas is added to a container of boron trifluoride gas. 


7. Abeaker containing dilute hydrochloric acid is poured into a beaker contain- 
ing a solution of potassium sulfite. 


8. Solid sodium oxide is sprinkled into a container of pure water. 

9. A clean iron rod is submerged in a solution of iron(II) sulfate. 
10. Silverturnings are dropped into a container of dilute nitric acid (6M) solution. 
11. Ethanol is burned completely in air. 


12. Asolution of potassium iodide is added to an acidified solution of potassium 
dichromate. 


13. Asolution of potassium carbonate is added to a container of dilute hydrochlo- 
ric acid. 


14. A sample of potassium sulfite solution is mixed with an excess of dilute 
hydrochloric acid. 


15. Tin(II) chloride solution is slowly poured into an acidified solution of 
potassium permanganate. 


16. A solution of ammonia is added to a solution of ferric chloride. 
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17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 


25. 


A test tube of hydrogen peroxide solution is gently heated. 

Crystals of dinitrogen pentoxide are stirred into water. 

Copper (II) sulfide crystals are strongly heated in oxygen gas. 

A concentrated solution of ammonia is added to a solution of zinc iodide. 
Solid lithium hydride is added to water. 


A solution of tetraaminecopper (II) sulfate is combined with an excess of 
nitric acid solution. 


An excess amount of chlorine gas is slowly passed over hot iron filings. 
Methanol is burned in oxygen. 


Hydrogen sulfide gas is bubbled through a solution of mercury (II) chloride. 


ANSWERS 
1. 


2. 
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Mg + №,  Mg,N, 
NH,* + 502 + Ва* + ОН  BaSO, + NH, + H,O (or NH,* + ОН) The AP 
exam frequently includes questions with an ammonia solution (what you’ re 
dealing with as products in this reaction). Ammonia and water are actually in 
equilibrium with the ammonium and hydroxide ions. 


Two elements—suggests a combination reaction. 


3. H*+SO2 + CaF > HF + CaSO, 


- (NH,),CO, > H,O * СО, + NH, You know it has to be a decomposition, 


so the challenge is to figure out what products will form. They have to be gases/ 
vapors, so you start with ammonia gas. Any time you have a carbonate in a 
decomposition, figure it will probably decompose to carbon dioxide gas. After 
those are gone, that leaves you with enough materials to produce water vapor. 


. Na+H,O— Na*+OH +H, You've probably seen this reaction at some 


point. The reactants should tip you off that it has to be a replacement reaction. 
The displaced hydrogen ions will combine to form hydrogen gas. 


. BE, NH, > BE,NH, Intheammonia molecule there is a nonbonding pair 


of electrons that can react in a variety of ways. Later in the book, you will learn 
aboutcomplexes that can form with ammonia. In this reaction, boron trifluoride 
isamolecule that is usually represented with only 6 electrons around the central 
boron, making it a perfect mate for the ammonia molecule. As tempted as you 
might be to try to apply a double replacement strategy here, remember that they 
are both molecular substances. This suggests another approach: a combination 
reaction. 


7. Н+ + SO > HSO, A double replacement reaction (KCI is soluble) 


8. Na,O+H,O — Na* + OH A very characteristic reaction for metal oxides. 


10. 


11. 
12. 


13. 


Soluble metal oxides (like this one) are known as basic anhydrides because they 
dissolve in water to form basic solutions. You can also treat it like a double 
replacement reaction. 


. Fe% + Fe Fe” The reactants should tip you off that this has to be a single 


replacement reaction. This is a redox reaction, where iron is reduced. These are 
the only two possible oxidation states for iron. 


Ag + H* + NO, — Ав? + NO (or NO,) + H,O Remember, nitric acid is a 
strong oxoacid, making it a strong oxidizing agent. Even though silver won’t 
react with most acids, it will react with nitric acid. In these reactions, look for 
the metal to be oxidized. Most likely, NO will be the product because of the 
dilute solution of nitric acid, but it is also possible that some NO, will form. In 
cases like this, the graders usually won’t mark you down for listing both (or 
either one separately). 

C,H,OH + O, => CO, + H,O Classic complete combustion reaction. 

H* + T ROLOC > I, + Cr* H,O Questions pop up periodically that 
contain an acidified solution of potassium dichromate (or potassium perman- 
ganate) or either of those two added to an acidified solution of some other 
compound. This is a redox reaction similar to the examples in the chapter. The 
H* and H,O come from the acidic solution. 


H* + са — CO, + H,O Double replacement reaction. Remember, 
carbonates tend to form CO,. 
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14. 


15. 


16. 


17. 


18. 


19. 


20. 


21. 


22. 


23. 


24. 
25. 


H* + 50, H0 + SO, Another double replacement. A different gas is 
formed, but note the similarity to number 13. 

Sn* + H* + MnO,  Sn* + Мп” + HO Another redox reaction in 
acidified solution. Look back to the redox section, if you have trouble here. 


Fe* + NH, + H,O > Fe(OH), + NH,* The ammonium ion is in solution. 


H,O, > H,O + O, Decomposition of hydrogen peroxide. This is a very 
common reaction and is the reason why hydrogen peroxide has a very poor 
shelf life. 


МО, + H,O > Н+ + NO, Nonmetallic oxides are often called acid anhy- 
drides. Most, particularly those where the nonmetal has a higher oxidation 
state, produce acids when dissolved in water. 


CuS + О, — CuO + SO, You could also have Cu as a product, or СиО. 
Sulfur dioxide must be present as the other product. 

Zn* + NH, > Zn(NH/* OR Zn* + NH, + H,O > Zn(OH), + NH,* 
There are two possible outcomes here. One is the formation of a complex ion 
and the other is the formation of insoluble zinc hydroxide. Either would be 
given credit. On this problem, remember the ammonia and water solution is in 
equilibrium and can be written as NH, + H,O, or NH how OH. Either is 
considered correct. The implications on the reaction are when the ammonia is 
inthe NH, state, the formation of the complex is favored. The other, NH 4 State, 
frees the hydroxide ions to form the insoluble solid. 


LiH - HO Li*-- OH +H, Just like pure metals in water, metal hydrides 
will also produce basic solutions. This one behaves like a double replacement 
reaction. 


H* + Cu(NH)/* > Cu* + NH, If the name of the compound confused 
you, we'll be going over complex ions later. This is a redox reaction. 


Fe + Cl, — FeCl, Remember, two elements are reactants. There’s not 
much to do except combine them. 


CH,OH + О, — CO, + H,O (CO also acceptable) Combustion reaction. 
H,S + Hg* 2 HgS + H* Formation of a precipitate. 


Chapter 


Stoichiometry 


This chapter should be thought of as more of a starting point than a self- 
contained unit. Stoichiometry is just a strange word that refers to record 
keeping during chemical reactions. It is the calculations that illustrate the 
relationships between reactants and products in chemical reactions. The 
ideas from this chapter will be used in the next several chapters. 


THE MOLE 


Fundamental to any discussion of the amount of reactants and products must 
be the mole. The mole (abbreviated as mol) is a term used to describe an 
amount of particles, typically atoms, molecules, or formula units. The 
English language includes many terms that describe specific numbers. For 
example, a dozen doughnuts means 12 doughnuts. One gross of something 
is 144. The mole is just a much bigger number. A mole represents 6.02 х 1023 
particles, also known as Avogadro's number of particles. If you remember 
from earlier in the book, the atomic mass unit was based on 1/12 the mass 
of a carbon-12 atom. Well, Avogadro's number is based on the number of 
atoms in a 12 g sample of carbon-12 atoms. This also relates to the second 
way to describe moles. One mole of a substance will weigh, in grams, the 
same amount as the weight expressed in atomic mass units. The mass of a 
water molecule is 18.01 amu, so the molar mass (the mass of one mole of 
water molecules) is 18.01 g. As covered in Chapter 7, one mole of any gas 
at STP will have a volume of 22.4. So, moles help demonstrate the 
relationship of the number of particles, mass, and volume of different 
substances. 


Calculating the Molar Mass of a Substance 


To calculate a molar mass, add the total weights of all atom(s) in an element 
or compound. These weights are obtained from the Periodic Table of the 
Elements. 


Sample: Calculate the gram formula mass of K,Cr O.. 


Answer: 
K -2 x 39.10 = 78.20 
Cr - 2 x 52.00 = 104.00 
O -7 x 16.00 = 112.00 
294.20 g K,Cr,0, 
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You Try It! 


1. Calculate the gram formula mass of Na;CrO,. 
2. Calculate the gram formula mass of СУН. 


3. Calculate the gram formula mass of Ba4(PO,),. 


Answers: 
1. 162.00g 2. 126.27 g 3. 601.93 g 


Mole Calculations 


The most basic mole calculation is the mole-to-mass (or mass-to-mole) 
conversion. Itis simply a matter of using dimensional analysis and the molar 
mass of the substance to make the conversion. 


Converting Moles to Grams 


To convert a mole value to a mass value you will need to multiply by the 
molar mass. 


molar mass of given 


Moles of given substance x = mass of given 


] mol given 
Sample: How many grams are in 7.20 mol of dinitrogen trioxide? 


Answer: First calculate the molar mass of dinitrogen trioxide 
N:2x1401 g N 22802gN 
O: 3 x 16.00 g O = 48.00 gO 
28.02 + 48.00 = 76.02 g NO, 


Next insert the molar mass into the equation: 


76.02 g NO, 
7.20 mol N,O,X T mol N,O, = 547-342 №0, 
You Try It! 


1. Find the mass in grams of 3.32 mol K. 
2. Find the mass in grams of 5.08 mol Ca(NOj);. 
3. Find the mass in grams of 4.52 x 10? mol СН. 


Answers: 
1. 129.81 g 2. 833.6 g 3. 1.28g 


www.petersons.com 


Chapter 11 


Converting Grams to Moles 


This procedure is very similar to the mole to gram conversion, except in this 
one you divide by the molar mass. 


] mol given 


Mass of given substance x = moles of given 


molar mass of given 


Sample: Calculate the number of moles in 922 g of iron (III) oxide, Fe,O.. 


Answer: First, calculate the molar mass of Fe;O;: 
Fe: 2 x 55.85 g Fe = 111.7 g Fe 
O: 3 x 16.00 g = 48.00 g O 
111.7 g Fe + 48.00 g О = 159.7 g Fe0, 


Next, convert 922 grams into moles: 


1 mol Fe,O, 
922 g Fe,O, x 159.7 g Fe,0, = 5.77 mol Fe,O, 


You Try It! 


1. Calculate the number of moles 187 g Al. 
2. Calculate the number of moles in 333 g SnF, 
3. Calculate the number of moles in 847 g (NH4),CO,. 


Answers: 
1. 6.93 moles 2. 2.12 moles 3. 8.81 moles 


Other Mole Calculations 


The calculations shown in the previous two sections as well as the calcula- 
tions in this next section are summarized in a convenient chart, Figure 11.1. 
In this figure, the mole is inside a star in the center of the diagram. In the 
calculations above, when converting from moles to grams, you simply 
follow the arrow from the star to either one of the left corners (upper left if 
the substance is an element, lower left if it is a compound). For example, to 
convert from moles of an elementto grams ofthat element, follow the arrow 
from the star to the upper left corner. Notice that above the arrow it says 
“х atomic mass" if you read it in the direction you are moving. That means 
you take the number of moles x the atomic mass to obtain the mass of the 
element. If you are converting in the other direction, from grams of the 
element to moles, you follow the arrow back to the middle, which says 
“/ atomic mass." This means to take the mass you are given and divide it by 
the atomic mass of that element to determine the number of moles. 
Sometimes, you will need to do other calculations using the mole. These are 
based on the other two equalities for moles, which are that 1 mole is equal 
to 6.02 x 10? particles and 1 mole of a gas at STP occupies a volume of 22.4 
liters. These two relationships are also found in Figure 11.1 and are read the 
same way as the mass to mole examples. The following is a brief look at these 
problems. 
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Mass of Number 
an Atom of Atoms 


Mass of a Number of 
Compound Molecules 
Figure 11.1 


Moles to Particles 
Sample: How many atoms of magnesium are in a sample of magnesium 
containing 2.75 moles of magnesium atom? 


Answer: To make this conversion, using the chart in Figure 11.1, simply 
multiply the moles of magnesium by Avogadro's number (6.02 x 10? 
particles). 


2.75 moles Mg x 6.02 x 10? atoms Mg = 1.66 x 10° atoms 


Particles to Moles 
To go in the other direction, you just divide by Avogadro's number. 


Sample: If you have 4.86 x 10? molecules of water, how many moles of 
water do you have? 


Answer: 
4.86 x 10? molecules H,O / 6.02 x 10% molecules 

If you used dimensional analysis, this same procedure would be done with 
the calculation 


1 mol H,O 
4.86 x 10? mc HO x m s = 0.0801 mol H,O 
25 ^ 6.02x10^ mc H,O 2 


Moles to Volume 

In these calculations, you will convert from the number of moles of a gaseous 
substance to the number of liters of that substance. Again, you can use 
Figure 11.1 to assist you with your calculation. 
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Sample: What is the volume of 0.372 moles of oxygen gas? 


Answer: You would use the chartto move from moles to liters, which means 
you will need to multiply by 22.4 liters. 


22.4 liters 


0.372 moles x — —— — = 8.33 liters 
] mol 


NOTE: This same result can be obtained using the ideal gas law PV 2 nRT 


Volume to Moles 

This is simply the converse—determining the number of moles of gas 
present in a certain volume. The procedure requires dividing by 22.4 liters 
instead of multiplying. 


Sample: How many moles of helium gas, He, are contained in a balloon that 
has a volume of 15.8 liters? 


Answer: 


15 8 liters ————— 0 703 moles 


Additional Calculations 

The chart can also be used to make more complex calculations. If, for 
example, you were trying to determine the volume, in liters, of hydrogen gas 
in a sample of 2.23 g Н», you would begin on the upper left corner of the 
chart, convert grams to moles, and then move from the moles to the volume. 
Itinvolvestwo separate calculations rather than the single calculations in the 
examples. To solve the problem just mentioned, you could combine the two 
steps into a single equation or solve it in two steps. Here is an example of it 
solved in a single equation using dimensional analysis. 


1 mol 22.4 liters 


2.23 g H, x 1.01 x imo = 49.5 liters 
DETERMINING CHEMICAL FORMULAS 
Percent Composition 


This next type of problem occurs quite frequently on the AP exam. This 
calculation is the stepping-stone toward determining the empirical or 
molecular formula for a compound. The procedure allows you to determine 
the percentage by mass that a given substance exists in a compound or what 
percentage of a compound is composed of a particular substance. In the 
procedure, you need to determine the mass percentage of each element that 
is in the compound. You do so with the following calculation: 


mass of substance in compound 


Mass % of substance = x 100% 


molar mass of compound 
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Sample: Determine the percentage composition for each element in the 
compound iron (II) carbonate (FeCO,). 


Answer: This requires you to determine the mass percentage of each 
component in the compound. The first step is to calculate the molar mass of 
the substance. 


Бе: 1 х 55.85  -5585g 
С:1х12.01  -1201g 
0:3х16.00 = 48.000 


Molar mass FeCO, = 115.86 
Next, you will divide the molar mass of each substance by the molar mass 
of the compound. 


55.85 g Fe 
Mass % Fe = 115.86 g FeCO, x 100% = 48.20% 


12.01 g Fe 


48.00 g Fe 
Mass % O = 115.86 g FeCO, x 100% = 41.43% 


You Try It! 
Calculate the percent composition of Mg,(PO,).. 


Answer. Mgz27.7490  Pz23.5796 O = 48.7096 


Empirical Formulas 


Anempirical formula shows the simplest ratio of atoms in a molecule (or an 
ionic compound). For a molecular substance, the empirical formula only 
tells you the ratio of atoms, so it may not be very helpful at identifying the 
nature of a substance. For example, take any of the group of hydrocarbons 
known as the alkenes. All of the different compounds have a 1-to-2 ratio of 
carbon to hydrogen. Ethene is C,H,, propene is СН, and butene is C,Hg. 
If you reduce all of the subscripts, they each come out to CH,. Knowing the 
empirical formula helps to tell you that this substance is an alkene, but it 
doesn’t tell you which one. How can you determine what a compound is 
from the empirical formula? The molecular weight will solve your problem. 
If you know the empirical formula and the molecular weight, you can 
determine the molecular formula for a compound. The first type of calcula- 
tion we will look atis the determination of the empirical formula. The second 
type is the determination of a molecular formula. 
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Determining an Empirical Formula 

Analysis of a compound containing potassium, chromium, and oxygen 

determines that in a 3.34 g sample, 0.89 g is potassium, 1.18 g is chromium, 

and 1.27 g is oxygen, what is the empirical formula of the compound? 
Our first step will be to calculate the number of moles of each compound. 


1 mol К 
К: 0.89 g K x 39.10 g K = 0.0228 mol K 
1 mol Cr 
Cr: 1.18 g Cr x 52.00 g Cr = 0.0227 mol Cr 
1 mol O 
О: 1.27 g0Ox 16.00 g О = 0.0794 mol O 
The next step is to divide all of the numbers of moles by the smallest one. 
0.0228 mol 


EU omma шш 


0.0227 mol i 
e omamo 


D 0.0794 mol T 
` 0.0227 mol `` 


At this point, you need to make a decision. If the outcome of your 
calculation produces all integers within a small degree of experimental 
error, you are ready to use these numbers as the subscripts in the empirical 
formula. If they are not, then you need to determine what you can multiply 
all of the numbers by to produce all integers. In most cases, it is fairly 
obvious. For instance, in our example, you can see that by doubling 3.50, it 
becomes 7.00—an integer. Therefore, to complete the empirical formula, 
you need to multiply all of the numbers by 2. This produces the empirical 
formula K;Cr;O; 

Since this is an ionic compound, the empirical formula is the only formula 
that is possible. However, for a molecular compound, it is possible to have 
an empirical formula that does not represent the molecular formula. Here is 
a look at such an example. In the first problem, we will also show the 
procedure for beginning with a percentage composition, which is quite 
typical for these problems. 


Sample: The percentage composition of citric acid found in lemons and 
other fruits is 37.5% C, 58.3 % O, and 4.20% H by mass. What is the 
molecular formula of citric acid if the molecular mass is 192.14 g? 


Answer: The first step is to calculate the empirical formula. To begin, we 
need to determine the number of moles of each element. However, the 
percentage composition does not tell us a mass. To get around this, the 
commonly used technique is to assume that you have a 100.0-gram sample 
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of the substance. Because 100.0 grams is equal to 100%, you can simply take 
the percentages and say that the masses are equal to that same amount in 
grams. From there, the problem proceeds just like the previous example. 


] mol 

C: 37.5 gx 1201gC = 3.122 mol С 
] mol H 

H: 4.20 g x LOlgH = 4.158 mol H 
] mol O 


О: 58.3 gx 16.00 gC = 3.644 mol O 


The next step is to divide all numbers by the smallest number: 


3.122 mol í 
S 3.122 mol . 1900 


Ж 4.158 mol 
3.122 mol — 


3.644 mol 
` 3.122 mol 


This is a good example of one that does not jump off the page at you. The 
numbers are definitely not integers; neither can they be explained by 
experimental error. À closer look displays a pattern, however. If you look at 
the H, .332 is extremely close to the decimal equivalent of the fraction 1/3. 
The 0.167 ending in oxygen is extremely close to the decimal equivalent of 
the fraction 1/6. Because 6 is a multiple of 3, the solution appears to require 
all values to be multiplied by 6. Therefore, the empirical formula for citric 
acid is 


= 1.167 


(C, Н ,,0,,,06 = C,H,O 


1.000 1.332 ~ 1.167 6 87 


The next step is to compare the weight of the compound in the empirical 
formula to the molecular weight. The molecular weight of CgH,O, is 


С: 6х 12.01 g = 72.06 
H:8x1.01g = 8.08 
O: 7 x 16.00 g = 112 


72.06 + 8.08 + 112 = 192.14 g 


For this formula, the empirical formula has the same mass as the molecular 
formula, so they must be the same. The molecular formula of citric acid is 
C,H,0O.. So that you can see what happens when the two aren't the same, 
we'll do one more example. In this one, however, we will skip the first steps 
and go right to the final step. 
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Sample: The empirical formula of a compound is CH,O. The molar mass of 
the compound is 180.18 g. Find the molecular formula for this compound. 


Answer: First, we need to calculate the molar mass of CH,O: 


C: 1 x 12.01 = 12.01 
H:2x1.01 = 202g 
O:1x16.00 = 16.00g 


12.01 + 2.02 + 16.00 = 30.03 g 


You can probably eyeball this one and know the molecular formula, but 
we'll solve it formally so you can see the procedure. In order to determine 
how many times you will have to multiply each subscript, you need to 
determine the ratio of the empirical formula and the molecular formula. 
Dividing the molecular formula by the empirical formula does this: 


molecular formula mass 180.18 g 


empirical formula mass ~ 30.03 g 


Therefore, you need to multiply each subscript in the empirical formula 
by 6. 
(CH,0)6 = CHO 


6 1276 


The molecular formula of the compound is C H,O, 


CALCULATIONS IN CHEMICAL REACTIONS 


This section begins to look at chemical reactions rather than single sub- 
stances. Using the techniques in this section, you will be able to convert from 
a given amount of one substance to an amount of any other substance in a 
reaction. By having this ability, you will be able to better predict the outcome 
of many different chemical reactions. We’ll begin with the most basic 
procedure of converting from moles of one substance to moles of another 
and work our way toward converting quantities of one substance to quanti- 
ties of another. 


Mole-to-Mole Conversions 


The most important step to all of these calculations is the use of a value 
knownas the mole ratio. The moleratio is the ratio of moles of one substance 
to moles of second substance. It is determined by the ratios of the coeffi- 
cients from the balanced chemical equation. The mole ratio is used in all 
conversions since it allows you to switch from values that describe the given 
substances to values that describe the unknown substance. To facilitate this 
process, there is another chart, figure 11.2, that provides guidelines for 
solving most problems. In this first type of calculation, we will use the mole 
ratio to convert from units of moles of the given substance to moles of the 
unknown substance. We’re going to omit the states of the reactants and 
products so that you can focus your attention on the coefficients. 
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Procedures for Conversions Using Dimensional Analysis 


If given grams If given moles If asked for moles If asked for grams 
start here start here end here end here 
convert to convert to convert to 
—— —— —— 
mass | 1 mole moles | moles moles | molar mass 
given given | unknown unknown | unknown 
molar mass moles 1 mole 
given given 
OR MOLE RATIO 
mass given 1 mole moles unknown | molar mass unknown 


molar mass given moles given ] mole 


Figure 11.2 


Sample: 
2C,H, + 70, — 4CO, + 6H,O 


In the equation above, determine the number of moles of carbon dioxide 
produced if 3.5 moles of ethane, C,H,, react with an excess of oxygen. 


Answer: In the problem, first note the use of the term excess. Whenever you 
see this, the reason you are being told about an excess of a reactant is so you 
know that the other reactant can react completely to yield the maximum 
amount of product. In some later examples in this chapter, you will see what 
happens when there is a limited amount of a reactant. 

The next thing to determine are the given and unknown substances. In this 
problem, ethane is the given substance and carbon dioxide is the unknown. 
Our task will be to convert from moles of ethane to moles of carbon dioxide. 
We will do this using the mole ratio, which is based on the equality of 2 moles 
C,H, =4 moles CO,. In simple terms, the ratio tells you that you will always 
produce twice as many moles of CO, as the number of moles of ethane. To 
solve the problem, we will use the mole ratio as the conversion factor to 
change units from ethane to carbon dioxide. 


4 moles CO, 


3.50 moles C,H, x 
2 moles C,H, 


= 7.00 moles CO, 
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Mole-to-Mass or Mass-to-Mole Calculations 


In these calculations, you will be converting either from moles of the given 
substance to grams of the unknown or from grams of the given substance to 
moles of the unknown. Either way, you will need to use the mole ratio as the 
mechanism for crossing over from one substance to the next. Other than the 
step with the mole ratio, these calculations are the same as the calculations 
from earlierin the chapter that converted mass to moles or moles to mass for 
asingle substance. We'll use the same equation from the sample problem to 
continue with this example. 


Sample: Moles to Mass 
2C,H, + 70, > 4CO, + 6H,O 
In the reaction shown above, how many grams of oxygen gas are required 


to completely react with З moles of ethane, С,Н,? 


Answer: Before you can determine the number of grams of oxygen, you 
need to know the number of moles of oxygen that will be required. You know 
that for every 2 moles of C5H,, you need 7 moles of O,. Therefore we can 
begin with the mole ratio 


7 moles CO, 


3 mol C,H; x — — —— = 10.5 mol O, 
2 moles C,H, 7 
Now that you know you will need 10.5 mol О,, you can calculate ће mass 
of the О». 
16.00 g O, 


10.5 mol 0,х jpg, = 168.020, 


Sample: Mass to Moles 
2C,H, + 70, > 4CO, + 6H,O 


In the equation above, how many moles of water vapor can be produced 
from the combustion of 147.0 g of ethane, С,Н,? 


Answer: First, you need to know how many moles of ethane are being 
burned. Once you know this, you can use the mole ratio to determine the 
moles of water vapor. 


1 mol C,H, 
30.08 g C,H, 
Now that you know the moles of C,H, you can convert to moles of H5O. 


147.0 C,H, x = 4.89 mol C,H, 


6 mol H,O 


4.89 mol C,H, x ——— — — 
2 mol C,H, 


= 14.67 mol H,O will be produced 
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Mass-to-Mass Conversions 


These are by far the most common conversions that you will be required to 
know. In these problems, you are given the mass of one substance and asked 
for the mass of another substance. The procedure is really just the two 
previous procedures blended together. The sample problem will demon- 
strate the procedures for solving these problems. 


Sample: 
4A] + 30, > 2AL0, 


In the reaction shown above, how many grams of aluminum are required to 
produce 192.0 grams of Al,O,? Assume there is adequate oxygen for a 
complete conversion of aluminum. 

Answer: The three steps you are going to follow are: 


1. Convert grams of ALO, to moles of ALO.. 


mol 


1 
192.0  ALO,* 151 96 к 


= 1.883 mol ALO, 


2. Convert moles of Al,O,to moles of Al (mole ratio step) 


on О, eae eT 
2 mol Al,O, 


3. Convert moles of Al to grams of Al 
26.98 g 
1 mol 


This procedure can also be set up as a one-step dimensional analysis 
problem as follows: 


3.766 mol Al x = 101.6 g Al are required 


192.0 g ALO, | 1 mol ALO, | 4molAl  |2698g4AI 
- 101.6 g Al 
101.96 g ALO, | 2 mol ALO, | 1 mol AI 


Note how all units except g Al cross cancel. 


Other Conversions 


Once you know this basic procedure, you can also convert from any quantity 
of one substance to any quantity of another. The secret is to combine the two 
charts to one larger chart. Because the mole ratio is the place that must be 
included in all calculations ofthis type, you must know the number of moles 
of the given substance to be able to convert to the unknown substance. It 
doesn't matter what starting unit you have (1.е., liters, atoms, g), you will use 
the procedures in Figure 11.1 to convert to moles. Once you know the moles, 
you use the mole ratio to change from one substance to the other. At that 
point, you use Figure 11.1 again to convert to whatever ending unit you 
desire. If you are converting from grams of the given to grams of unknown, 
or any intermediate step, you can use Figure 11.2 to do so. 
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LIMITING REACTANTS 


In this section, we will further investigate relationships between substances 
in chemical reactions. Up to this point, we have been assuming that there is 
a sufficient amount of each chemical to complete the reaction. However, 
much of the time the amounts of chemicals don't work out so nicely. There 
may be a deficiency of one substance that limits the amount of product that 
can be formed. An analogy, one that has perplexed consumers for years, is 
the hotdog and bun dilemma. Many packages of popular hot dogs come with 
10 hot dogs. Most packages of buns come with 8 buns. Although you 
probably know what's coming, let's go through it anyway. You can't make 
10 complete hot dogs here. Even though you have 10 hot dogs, you only have 
enough buns for 8, so the most hot dogs you can make is 8. You will have 
2 bun-less hot dogs left over. The bun is what we would call a limiting 
reactant in this reaction. The yield, or number of complete hot dogs, is 
limited because ofthe number of bunsthat we have. This very same principle 
applies to chemical reactions as well. The yield is limited by the amount of 
each reactant. Once a reactant is used up, the reaction will stop, and any 
amount of the other reactant(s) left over will remain in the reaction vessel. 
In the first sample problem, we will determine the limiting reactant in a 
chemical reaction. 

In the last chapter, we looked at the reaction between lead (II) nitrate and 
potassium iodide, where the yellow precipitate lead (II) iodide was formed. 
We will use this reaction to look at limiting reactants. To refresh your 
memory, the reaction proceeds as follows: 


Pb(NO,),(aq) + 2KI(aq) — PbI,(s) + 2KNO (aq) 


From the balanced equation, you can see that it is necessary to have twice 
as many moles of potassium iodide as lead nitrate for the reaction to 
complete. What if you only had 1.5 moles of KI, and 1 mole of Pb(NO;),? 
Since the ratio of KI to Pb(NO3), is 2-to-1, if you only have 1.5 moles of KI, 
you could only combine with 0.75 moles of Pb(NO3),. Therefore, you would 
have 0.25 moles of unreacted Pb(NO,), left in the reaction vessel after all KI 
had reacted. In this example, KI was the limiting reactant. 

It’s fairly easy to conceptualize the idea of limiting reactants when you are 
given moles of the reactants. When you are given grams, it is not always so 
easy to see. When you have to solve limiting reactant problems, it is always 
necessary to determine the number of moles of each substance and compare 
that to the required ratios from the balanced chemical equation. Let’s use the 
same reaction, but use masses instead of moles. 


Sample: A solution of lead (II) nitrate containing 286.4 g of Pb(NO;), is 
added to a solution of potassium iodide containing 138.9 g of KI. 
(A) How many grams of solid PbI, will be formed during the reaction? 


(B) What is the limiting reactant? 


(C) How many grams of the excess reactant will be remaining? 
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Answers: 

(A) A typical way to solve this problem is to calculate the number of moles 
of product that can be produced from each quantity of reactant. The answer 
that is the smallest will indicate the limiting reactant. 


1 mol " 1 mol Pbl, 
286.4 g PL(NO,), X 33125 g © | mol Pb(NO,), = 0-865 mol РЫ, 


1 mol » 1 mol PbL, 


1389 g KIX 15601 ^ 2 mol KI 


= 0.418 mol PbI, 


Because KI is only capable of producing 0.418 mol of PbL, it is the 
limiting reactant. The amount of РЫ, that will be formed in this reaction is 


461.02 g 
0.418 mol РЫ, x — —— - = 192.71 g РЫ 
Е 1 mol a 
(B) KI is the limiting reactant. 
(C) To determine the amount of excess reactant, we need to determine how 
much Pb(NO,), was actually used during the reaction and subtract this from 


the starting amount. 


1 mol Pb(NO,), 331.22 8 Pb(NO,), 
1 mol РЫ, ] mol Pb(NO,), 
Pb(NO,), 


0.418 mol РЫ, x = 138.4 g 


This answer tells us that 138.4 grams of Pb(NO3), will actually react with 
KI and that the remainder, (286.4 g 138.4 е) = 148 g will remain in solution. 
If more KI were added to the reaction vessel, more precipitate would form. 

The amount of PbI, calculated in part (A), 192.71 g, is known as the 
theoretical yield of the substance. That is the maximum amount that can 
form based on the stoichiometric relationships between reactants and 
products. The actual reaction will more than likely produce less than this, for 
a variety of reasons (which are unimportant to us). 


You Try It! 
Solid aluminum reacts vigorously with aqueous copper (II) chloride. Use the 
reaction below to answer questions (A), (B), and (C). 


2AI(s) + 3CuCl (aq) — 2AICI,(aq)  3Cu(s) 


43.17 g of solid aluminum are added to an aqueous copper (II) chloride 
solution containing 302.51 g of CuCL. 
(A) Which is the limiting reactant? 


(B) What is the theoretical yield of Cu? 


(C) How many grams of excess reactant are left in the reaction vessel? 


Answers: 
(A) CuCl, (B) 2.25 mol = 143.0 g Cu (C) 2.7 g Al 
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Summary: Stoichiometry 


A mole is equal to 6.02 x 10? particles. The mass of one mole of particles 
is known as the molar mass of a substance, and the volume of one mole 
of gas particles at STP is equal to 22.4 liters. 


The molar mass of a substance is calculated by adding the weights of the 
atoms of each element multiplied by the number of atoms of that 
element in the compound. 


The molar mass of a substance is used to convert from moles to grams 
of a single substance or grams to moles of a single substance. 


Avogadro’s number, 6.02 x 10? is used to convert from moles to 
particles or particles to moles for a single substance. 


Molar volumes can be determined by using the equality 22.4 liters = 1 
mol, provided the gas is at STP. 


The percentage composition of a compound tells you, by percentage, the 
mass of each element in a compound. It also allows you to determine 
empirical and molecular formulas. 


The empirical formula is the simplest whole number ratio of elements 
in a compound. The molecular formula tells you the actual numbers of 
each atom in a compound. 


The same basic formulas for mole conversion with one substance are 
used to compare two substances in a chemical reaction. The only 
difference is that one substance must be converted to another using the 
mole ratio before the calculation can be completed. 

A limiting reactant is a reactant that is completely used up in a chemical 
reaction and that prevents the remainder of the other reactant(s) from 
forming products. 


The theoretical yield of a reaction is the amount of product that is 
predicted using the stoichiometric ratios of moles from the balanced 
chemical reaction. 
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REVIEW QUESTIONS 


1. 


In which of the following compounds is the mass ratio of nitrogen to oxygen 
closest to 0.58 to 1.00? 


(A) NO 
(B) NO 

(C) NO, 
(D) NO, 
(E) NO, 


. How many grams of strontium nitrate, Sr(NO,),, contain 40 grams of oxygen 


atoms? 

(A) 212 grams 
(B) 96 grams 
(C) 62 grams 
(D) 24 grams 
(E) 88 grams 


. 1.00 mole of four different compounds containing element X were analyzed 


and found to contain 36.0 grams, 54.0 grams, 72.0 grams, and 108 grams, 
respectively. A possible atomic weight of X is 


(A) 13.5 
(B) 18.0 
(C) 25.0 
(D) 72.0 
(E) 108.0 


. The simplest formula for an oxide of chromium that is 61.9% chromium by 


weight is 
(A) CrO, 
(B) CrO, 
(C) CrO 
(D) Cr,O 
(E) CrO, 


. A hydrocarbon gas with an empirical formula CH, has a density of 2.51 grams 


per liter at STP. A possible formula for the hydrocarbon is 
(A) CH, 
(B) C,H, 
(C) C.H, 
(D) C,H, 
(E) C.H 


5 10 
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6. When magnesium metal is heated in air, one product of the reaction is found 
to contain 72.2% Mg by mass and 27.8% N by mass. What is the empirical 
formula for this compound? 


(A) MgN 

(В) Mg,N 
(C) MgN, 
(D) Mg,N, 
(E) Mg,N, 


7. A piece of solid sodium metal with a mass of 7.67 grams is added to an excess 
of hydrochloric acid. What volume of hydrogen gas is produced from this 
reaction if it takes place at STP? 


(A) 22.4 liters 
(B) 11.2 liters 
(C) 7.46 liters 
(D) 5.60 liters 
(E) 3.74 liters 


8. ___Al(s) +___HCl(g)  ___AICL(s) + __H,,(g) 


If2 moles of aluminum metal shavings react with hydrogen chloride gas, how 
many moles of H, can be formed? 


(A) 2 
(B) 3 
(C) 4 
(D) 5 
(E) 6 


9. 3Cu(s) + ВНМО (ад) = 3Cu(NO,),(aq) + 2NO(g) + 4H,O 


Copper reacts with dilute nitric acid according to the balanced equation 
above. If 2 moles of copper metal are allowed to react with an excess of nitric 
acid, how many grams of NO gas can be formed? 


(A) 90.0 g 
(B) 80.0g 
(C) 40.0 g 
(D) 20.0 g 
(E) 1.5g 


www.petersons.com 


290 Part Ill: AP Chemistry Review 


www.petersons.com 


10. 


11. 


12. 


СН) + Ojg-—. СО, (в) + Н,0(0) 


6 12 


According to the reaction represented above, how many moles of O, are 
required to produce 2 moles of H,O? 


(A) 2 moles 
(B) 5/2 moles 
(C) 3 moles 
(D) 7/2 moles 
(E) 4 moles 


Inavery violentreaction known as the thermite reaction, powdered aluminum 
metal reacts with iron (III) oxide to form molten iron and aluminum oxide. 
How many moles of aluminum metal are required to produce 13.96 g of 
molten iron? 


(A) 0.0500 mole 
(B) 0.0625 mole 
(C) 0.125 mole 
(D) 0.250 mole 
(E) 0.500 mole 


4NH,(g) + 50,(g) > 4NO(g) + 6H,O(g) 

In the reaction above, 3.10 g of NH, reacts with 2.50 g of O,. What is the 
theoretical yield of NO? 

(A) 1.88 g 

(В) 5.46 g 

(С) 820g 

(D) 24.0 g 

(E) 120g 
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Free-Response 
Question 1 


You are given three unknown hydrocarbon compounds (unknowns A, B, 
and C), each containing only carbon and hydrogen. Using the data below, 
answer the questions that will eventually allow you to determine the 
identities of the unknowns. 
(A) Complete combustion of 1.00 g of unknown A resulted in the forma- 
tion of 1.39 liters of CO, (at STP) and 2.23 g of H,O. What is the 
most probable molecular formula of unknown A? 
(B) Determine the molecular weight of unknown B if the vapor density of 
B at STP is 3.13 grams per liter. 
(C) The empirical formula for unknown B is CH,. Determine the molecu- 
lar formula. | 
(D) 1.00 g of unknown C contains 0.817 g carbon. The complete combus- 
tion of 1.00 mole of unknown C requires 5 moles of O,. What is the 
most likely molecular formula of unknown C? 


Question 2 
The following questions refer to a laboratory activity designed to determine 
concentration of lead ions in a solution of lead (П) nitrate using gravimetric 
analysis. In the experiment, a 50.0 mL sample of the Pb(NO3),, solution was 
added to an excess of potassium iodide solution. The resulting precipitate, 
PbL, was collected by vacuum filtration, dried in a drying oven, and 
weighed. Assume that 

* both solutions were pure. 

* no decomposition took place in the drying oven. 

e the filter did not allow any РЫ, to pass through.. 

e all lead is lead (II). 


* ananalytical balance was used to weigh the product. 


(A) If 2.310 g of PbI, were collected, how many grams of lead (IT) nitrate 
must have been in the 50.0 mL sample? 


(B) What was the molarity of the lead (II) nitrate solution? 


(C) How many grams of lead (II) ions were in the lead (II) nitrate 
solution? 


(D) What is the minimum number of moles of potassium iodide that must 
be present in solution to assure a complete precipitation of all lead 
from solution? 


(E) If the solid PbI, on the filter paper was not thoroughly rinsed with 
distilled water prior to drying, what implications would that have on 
your answer in question (a)? Defend your response. 
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ANSWERS 


1. The correct answer is (D). On a problem like this, you need to work quickly. 


Youknow thattheratio ofnitrogen to oxygenis supposed to be 0.58 to 1.00. Begin 
by writing the atomic masses of nitrogen and oxygen, and then multiply them by 
ratios in the formulas. If you round 0.58 to 0.6, this will save time during the initial 
problem solving. That gives you a ratio of 3 to 5 to work with. You will quickly 
rule out most choices. When you get to the last one, you can double check. N,O, 
yields the approximate ratio of 28/48, which equals 0.58 to 1. 


. Thecorrect answer is (E). If you use the periodic table, you can determine the 


molar mass of Sr(NO,), at 211.64. During the AP exam, you can save time by 
rounding the masses. A quick glance at the answers shows that none of them are 
that close together. Therefore, when determining the molar mass or strontium 
nitrate, you can round Sr to 88 and N to 14; O is already 16. The round of mass 
of 212 is going to be close enough to get the correct answer. From this, you can 
determine the mass percentage of oxygen by dividing 96 by 211.64 (212). The 
mass percentage is 45.4 % (dividing by 212 yields 45.3%). If you known that 
oxygen is 45.496 by mass of the compound, then you just need to figure out what 
40 grams is 45.4% of. Dividing 40 grams by .454 yields 88 grams. 


. The correct answer is (B). In this one, you are just looking for multiples of 


an answer. Notice that all of these numbers are multiples of 18. 


. Thecorrect answer is (B). This is similar to question 2. The quickest way to 


figure it out is to write 52 (the mass of Cr) over 16 (the mass of O). You know 
that the mass of chromium in the compound divided by the mass of the 
compound must equal 0.619, so you can eyeball different combinations to see 
which one would be close. When you think you have one, you can do the math 
to confirm it. For example, if you look at CrO,, you can fairly quickly determine 
the molar mass: 52 + (3 x 16 = 48) = 100. Z is clearly not the ratio you are 


looking for. So try another. CrO, yields 2 -.619. 


84 


. The correct answer is (D). Remember, all gases at STP have a volume of 22.4 


liters per mole. Therefore if the density is 2.51 grams per liter, all you need to 
do is determine the mass in 22.4 liters. You can do this with a proportion: 


2.51g xg 
— = ; x = 56.2 g, the mass of C,H.. 
1L 224L E 


. The correct answer is (E). There are two ways to work a problem like this. 


One is the correct way, and the other is a quick eyeballing (if you're short on 
time). In the eyeballing, you would write the rounded mass of Mg (24 amu) over 
the rounded mass of N (14 amu). Then look quickly at the multiples in the 
problem to see which ones produce mass percents around 75%, and 25% (this 
will get you very close). The correct way to solve the problem, which can also 
be done very quickly if you've been practicing, is as follows: 


] mol 2.97 

722 6х 7.7 2297; —— 215x223 
£^ 243g 1.99 
1 mol 1.99 

27.8 gx 140¢ = 1.99; Tim 1.0x222 


Ts 


10. 


11. 


12. 


. The correct answer is (C). 2 mol Cux 


Chapter 11 


The correct answer is (E). Some problems on the AP exam are going to be 
like this. You need to determine the balanced equation for a reaction even on 
the multiple-choice section of the test. 

This reaction is 2Na + 2НСІ — 2NaCI + H, 

The mole ratio of Na to H, is 2:1. 

l mol 1 mol H, 


x 
23g " 2 mol Na 
If one mole occupies 22.4 L, then 0.167 mole = 3.74 L. 


The calculation is going to be 7.67 g x = 0.167 mol H,. 


. The correct answer is (B). First you have to balance the equation: 


2Al + 6HCI — 2АІСІ, + 3H,. Now this becomes a very simple mole-to-mole 


H 
conversion: 2 mol Al x _——— 3 mol Н 
2 mol Al 2 


2molNO  30gNO 


3 mol Cu © Tmol Си = 


40g 


The correct answer is (C). The balanced equation is С,Н, (1) + 90,(g) > 
9 mol O, 


б mol H,O ~ 


12 


6CO,(g) + 6H,O(1). Therefore, the calculation is 2 mol H,O х 


3 mol О, 


The correct answer is (D). The equation for the reaction is Fe,O, + 2Al > 
1 molFe 2 mol Al 


ALO, t 2Fe. The calculation, therefore, is 13.96 g Fe x 55.85 g Fe x эшо] Fe 


= 0.250 mol 


The correct answer is (A). If you encounter a problem in which two masses 
are given, suspect a limiting reactant problem. In this problem, the limiting 
reactant is O,. You can determine this with the calculation shown below or 
eyeball it. The molar mass of NH, is about 17 g. The molar mass of O, is 32 g. 
If you look at the balanced equation, you will see that you need more moles of 
oxygen than ammonia. You can also look at the masses you have and know that 
you have less moles of oxygen than ammonia. That tells you that oxygen is the 
limiting reactant. The formal calculation is 


1 mol NH, 4 mol NO 


3.10g NH, x 17 g NH, um NH, = 0.182 mol NO 
1 то О,  4mol NO 
2.50 g O, x 32g 0, х $mol 0, = 0.0625 mol NO 


Knowing that O, is the limiting reactant, you can just complete the calculation 


30g 


— PE... .188gN 
imino Seno 


using the value from O,: 0.0625 mol NO x 
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Free Response 


Question 1 


(A) In this problem, you know a few things. The most important is that 
each compound contains only hydrogen and carbon. What’s impor- 
tant about that is it means that all of the carbon in carbon dioxide 
comes from the hydrocarbon and all of the hydrogen in water comes 
from the hydrocarbon. Therefore, we can work backwards to get our 
answer. The first thing to do is to pick either carbon dioxide or water 
to analyze, since we know something about both. Arbitrarily, we'll 
pick carbon dioxide. You have a volume at STP, which means you'll 
have to use the | mol = 22.4 liters of gas relationships. We have 1.39 
liters of gas, which means we have 1.39 liters x viec = 0.0621 mol 
CO,. This means we have 0.0621 mol C. 


For water, we have 2.23 g X isp; = 0.124 mol H,O. This means we 
have twice as many moles of hydrogen atoms, or 0.248 mol H. Now 
we can see that we have 0.0621 mol C and 0.248 mol H. We have 4 
times as many moles of hydrogen, so the empirical formula for the 


compound is CH,. Because we know the amount of unknown that 


was analyzed, we can use that information to determine the molecular 


formula of the unknown. We could set up an equation and solve for 

an unknown, but instead we'll just try to confirm that CH, is also the 
molecular formula. In doing so we use the calculation below to see if 
we obtain the correct amount of CO, or H,O: 


1 mol СН, 1 mol CO, 
16.1 g CH, * 1 mol CH, 


1.00 g CH, x = 0.0621 mol 


Since this matches our value from before, this must be the molecular 
formula of the compound. 


(B 


— 


for vapor densities that are not at STP by using the ideal gas equation 
and solving for density (if you do not remember how to do this, 


review chapter 9). However, because this one is at STP, we know that 


one mole of the gas will occupy 22.4 liters. Using this information 
and the density of the vapor, we can determine the molar mass of B 
using the equation 


3.138B 224L 
ILB 1 mol B 


= 70.1 g mol! 


(C 


— 


The mass of CH, = 14.0 g mol"; NT — 5. Therefore we need to 


multiply everything in the empirical formula by 5. The molecular 
formula for B is C.H 


5 10 


Because this one is at STP, it makes it a bit easier. You can also solve 
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(D) If 1.00 g of the unknown contains 0.817 g carbon, the mass percent of 
carbon is 81.7%, leaving the remaining 18.3% as hydrogen. There- 
fore, we need to use the procedures for determining an empirical 
formula from a percentage composition. The problem will progress as 
follows (remember with percents, assume a 100 g sample): 


] mol 6.80 
81.7g Cx 1201 gC = 6.80 mol; 6.80 =1 
1 mol 18.12 
18.3g HX 101 cH = 18.12 mol; '680 = 2.66 


At this point, you need to determine integers that are multiples of 1 and 


2.66. Some quick calculations determine that 3 x 2.66 = 7.98, which is 
well within experimental error of 8. Therefore, the empirical formula 
must be CH, To determine the molecular formula, we can use the 
information in the problem. 1 mole of the combustion of unknown C 
requires 5 moles of O,. The balanced equation for the complete 
combustion of C,H, requires 5 moles of O,. The next possible formula, 
С.Н, requires 10 moles. The number of moles of oxygen will continue 


6 16 
to increase, so the molecular formula must be C,H,. 


Question 2 


(A) 1.656 g Pb(NO,), This is a mass-to-mass conversion. You must begin 
by writing the complete, balanced equation for the reaction: 


Pb(NO,), (aq) + 2KI(aq) > PbI,(s) + 2KNO,(aq) 


Proceed with the conversion: 


І тої РЫ, 1 mol Pb(NO;), 
461.0 g РЫ, *  ImolPb, - 
331.2 g Pb(NO,), 

1 mol Pb(NO;), 


2.310 g PbI, x x 


= 1.660 g Pb(NO,), 


(B) 0.100 M. This is a molarity calculation, which, if you recall, requires 
you to divide the moles of solute by the liters of solution. We already 
know that we have 50 mL of solution (or 0.050 L solution), so we just 
need the number of moles of Pb(NO,), represented by 1.660 g. 


1 mol 
1.660 g Pb(NO,), х 3312g ^ 5.01 x 10? mol 
uU 5.01x10^ mol 
The molarity is M = ^ OL —0.100M 


(C) The grams of lead can be determined from the grams of lead (II) 
nitrate from the answer to part (a) and the mass percentage of lead in 
that compound. 


2072 g 
Mass Ф Pb = 337 5 g = 0.6256 (62.56%) 


You can use this figure to determine the amount of lead in solution: 
1.660 g Pb(NO,), x 0.6256 = 1.038 g Pb 
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1 mol Pb(NO;), 2 mol K 


(D) 1.660 g Pb(NO,), x x 
E **. 3312gPb(NO;),  !molPb(NO,), 


= 1.00 x 


10? mol KI 


(E) Failure to adequately rinse the lead (II) iodide thoroughly will 
increase the likelihood that the solid will be contaminated with some 
of the solvent (KI(aq) or KNO,(aq)). Upon drying, this will increase 
the mass of the solid (which will be a mixture of solid Pb(NO,),, solid 
KI, and solid KNO,). The increased mass will lead to an overestima- 
tion of the amount of lead (II) iodide formed, which will cause an 
overestimation of the amount of starting material in the lead (II) 
nitrate solution. 
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Chapter 


Equilibrium 


Upto this point, we have been looking at chemical reactions that have a start 
and a finish. That is, the reactants are combined, and a certain amount of 
product is formed. After that, the reaction is finished—no more products 
will be formed. In addition, these reactions tend to be irreversible. If a piece 
of sodium is placed into a container of chlorine gas, a very violent reaction 
ensues, from which a white powder (salt) is formed. This white powder is 
not readily converted back to sodium and chlorine. It can be done, but it is 
not an easy transformation. 

Many reactions, however, do not run to completion. They will reach a 
point where they stop, but in this chapter you will learn that when they are 
in this state they are not really stopped at all. These reactions, where the 
products can readily reform the reactants, are known as reversible reactions. 
The way these reactions proceed is analogous to the systems in equilibrium 
that were discussed in Chapters 7 and 9 (vapor equilibrium and solutions). 
In the next three chapters, you will study the equilibrium of chemical 
reactions and learn more about the factors associated with it. The focus of 
this chapter is to introduce the equilibrium constant, which provides data 
about the relationships between reactants and products in a system at 
equilibrium, and Le Chátelier's principle, which allows you to predict the 
effects of different stressors on reaction equilibria. 


THE EQUILIBRIUM CONSTANT 


Chemical Equilibrium is the situation where the concentration of reactants 
and products remains constant. This occurs when opposing reactions 
happen at the same rate. That is, the conversion of reactants to products is 
proceeding at the same rate as products are converted to reactants. A system 
must be closed (not allow for the escape of reactants or products) to achieve 
equilibrium. This is very similar to our discussion of the liquid-vapor 
equilibrium in Chapter 7. 


Example: A reversible reaction takes the form: 
ХҮ 


At equilibrium, X forms Y at ће same rate as У forms X. Therefore, the 
concentration of [X], will remain constant. Likewise, [Y] will also remain 
constant. 
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МАММА 


ROAD MAP 


The Equilibrium 
Constant 

The Equilibrium 
Constant, K 

The Equilibrium 
Constant, K, 
The Relationship 


between К and K, 

The Reaction Quotient 
Solving Problems When 
Not All Equilibrium 
Concentrations Are 
Known 


Le Chátelier's Principle 


NOTE 
The concentration 
of a substance is 
shown by placing 
brackets, [ ], 
around it. 


AȘ 


CAUTION * (A 
The constant ratio 
does NOT mean 
the reaction has 
stopped. 


(Equation 12.1) 


NOTE 
The standard 
convention places 
the product in the 
numerator. 


NOTE E 
The subscript c 
represents concen- 
tration. 
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Once a reaction has reached equilibrium, the rates of the forward and 
reverse reactions will remain constant (providing that environmental condi- 
tions remain constant). This can be expressed mathematically as: 


Iv] 
[ x] = constant 


THE EQUILIBRIUM CONSTANT, K, 


There are two main ways to describe the equilibrium of a reaction. The first 
is in terms of the concentrations of reactions and products. The expression 
that describes the equilibrium of a reaction where the concentrations of the 
materials are known is К. When the reactants and products are in the 
gaseous state, we can also use the equilibrium constant expression, K,, 
where partial pressures are used instead of concentration units. Solids and 
pure liquids (like water) are omitted from equilibrium expressions because 
their concentrations do not change during chemical reactions. 

Let's begin by looking at how the equilibrium constant, K, is derived from 
a balanced chemical equation. Let's use a reaction written in the form 


аА + bB = cC + ар 


The equilibrium constant can be calculated using the general expression: 
[C LD]' 
K = Far pib 
"7 [AF {B} 

In this reaction, the coefficients from the balanced equation become the 
exponents in the equilibrium constant expression. The concentrations of the 
products go in the numerator, and the concentrations of the reactants go in 
the denominator. 


Sample 1: Write the equilibrium constant expression, К, for the following 
reaction: 


2CO,(2) <= 2CO (8) + O, (8) 
Answer: Using equation 12.1, we determine K, to be 
2 
ea ОО] 
" [cof 

Sample 2: Write the equilibrium constant expression, К, for the following 
reaction: 

Мв) + 4CO(g) <=> Ni(CO),(g) 


Answer: Because Ni is a solid, it will not be entered into the equation. 
[Ni(Co), | 


K= [cof 
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You Try It! 
Write the equilibrium constant expression, К, for the following reactions: 


(a) H5(g) + L(g) = 2HI(g) 
(b) 2NH;(g) + 3CuO(s) => 3H,O(g) + N3(g) + 3Cu(s) 
(c) NH,Cl(s) => NH,(g) + HCl(g) 


[нір [HOT [№] 
AmwersG)K,- Тн С] ©) Ke= мн, р (9 Ke= INBIHCU 
3 


THE EQUILIBRIUM CONSTANT, K, 


The equilibrium constant, К, is used to describe the concentrations of 
reactants and products at equilibrium. When the reactants and products are 
gases, it is often useful to use the expression К, instead, where the subscript 
p represents pressure. In this expression, the equilibrium is described in 
terms of the partial pressures of the reactants and products. The equilibrium 
constant expression, Ky for the reaction 


aA + bB = cC + dD 


would be written 
(PY (5) (Equation 12.2) 


where P represents the partial pressure of each substance. 
Sample: Write the equilibrium constant, K,,, for the following mixture of 
gases at equilibrium: 
2C0,(g) < 2CO(g) + O,(g) 
Answer: Using equation 12.2, we determine K, to be 
2 
(Poo) (Fy, ) 
| 4C g NN 
: (P CO, ) 

You Try It! 


Write the equilibrium constant, К, for the following mixture of gases at 
equilibrium: 


2NO,, + Ол => 2NO 


(Ps. 


Answer: К, = (Pxo) (Po, ) 


2(g) 
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THE RELATIONSHIP BETWEEN K, AND K, 


The ideal gas law can be used to convert between concentration (K,) and 
pressures (К). If you recall from Chapter 7, the ideal gas law is PV = nRT. 
You do not need to know the derivations of these equations, but you should 
know how to use both equations 12.3 and 12.4. 


1 An 
K, = К (RT)™ К. = K, ЕЗ 
Where An = (total moles of gaseous products) — (total moles of gaseous 
reactants), 
R = ideal gas constant (0.0821 L atm mol K^), and T is temperature in 
Kelvin. 


Sample: А 3:1 starting mixture of hydrogen, Н», and nitrogen, М», comes to 
equilibrium at 500°C. The mixture at equilibrium is 35.06% NH,, 96.143906 
N,, and 0.350696 H, by volume. The total pressure in the reaction vessel was 
50.0 atm. What is the value of K, and K, for this reaction? 


№, +3Н, <> 2NH 
(8) 


2(g) < 3(g) 


Answer: 


1. Note that the 3:1 information is irrelevant in this problem—remember that we 
are only concerned with the equilibrium conditions in this problem. It doesn’t 
matter what the starting conditions were. Once equilibrium is established, the 
quantities of the constituents are determined by K. 


2. Use Dalton’s law of partial pressures to determine the partial pressure of each 
gas at equilibrium (% of mixture multiplied by the total pressure). Remember, 
the law states that the total pressure exerted by a mixture of gases is equal to the 
sums of the individual pressures that each gas exerts. The pressures exerted by 
the gases in this mixture will equal their percentage of the total pressure. To 
determine the partial pressures, we will multiply each percentage of gas by the 
total pressure: 


P = 0.03506 x 50.0 atm = 1.75 atm 


NH 


P = 0.96143 х 50.0 atm = 48.1 atm 


N 


P y = 0.003506 x 50.0 atm = 0.175 atm 


H: 


3. Use the partial pressures to calculate K, 


[Boc j (1.75)? 


65 (к, n, y ~ (48.1)(0.175)) = H9 


4. Once you have calculated К, you can use the value in equation 12.4 to 
determine the value of К. 


1 An 1 -2 
keki = l saxiy 
c (az) Crore SH 


Note: An has a negative value because the moles product — moles reactant 
= 2-(143)=-2 
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You Try It! 
2NO(g) + Cl,(g) <> 2NOCI(g) 


In the above reaction, the total pressure of the mixture of gases at 
equilibrium is 1.55 atm. The percentages of each gas in the mixture are as 
follows: NOCI! = 77.4%, NO=3.20 96, and Cl, = 19.4%. Calculate K, and K, 
for the reaction. 


Answer: К, = 1.9 x 10°; К 2 4.65 x104 


Calculating the Equilibrium Constant for Equilibrium 
Reactions Involving Concentration Changes 


The equilibrium constant for a reaction works just as it is advertised—it is 
always constant. It doesn't matter how much ofthe reactants or products are 
present at the beginning of the reaction; when equilibrium is reached, if the 
equilibrium constant is calculated, it will always be the same. In these next 
calculations, we will be calculating K, from the concentrations of the 
reactants and products at equilibrium. When concentrations (or pressures) 
are known, use equations 12.1 and 12.2 to determine K. 


Sample: 
At high pressure (1000 atm) and temperature (450°C), nitrogen and hydro- 
gen gases come to equilibrium according to the reaction shown below: 


N,(g) + 3H,(g) <=> 2NH,(g) 


If, at equilibrium, the concentration of nitrogen (N,) is 2.95 M, the 
concentration of hydrogen (H,) is 7.68 M, and the concentration of ammonia 
(NH,) is 5.78 M, what is the K ? 


Answer: 


[NH] | (58)? | 
К. = ч, |н, = (2.95)(7.68) = 2.50 x 107 
You Try It! 
At 425 *C, gaseous hydrogen iodide (HI) partially decomposes into hydro- 
gen (H,) and iodine (L) gases. What is the value of K, at 425 °C if the 
concentrations of the constituents are [HI] = 7.06 x 10° M, [Н] 29.58 x 10 
M, and [I,] = 9.58 x 10* M? 


Answer: К, = 1.84 x 102 


Conceptual Interpretation 
of the Equilibrium Constant 


When you are solving mathematical chemistry problems, such as equilib- 
rium problems, it is easy to lose the meaning of the problems. It is important 
to develop a conceptual understanding of the material that can guide you as 
you work through the math problems. Let's take a moment to review some 
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(Equation 12.5) 
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basic ideas about equilibrium constants before we move on to more difficult 
problems. 
Since the expression for K is in the general form: 


Products 
~ Reactants 


we can make some assumptions about the reaction by examining the value 
of K. 

For reactions where K is very large (K>1), we can conclude that the 
amount of product is much larger than the amount of reactants. Therefore, 
the reaction to the right is favored (equilibrium is favored to the right). 
Conversely, if K is quite small, (K«1) it tells us that the amount of reactants 
is much greater than the amount of products. Therefore, equilibrium is 
favored to the left. Keep these ideas in mind when you see values for K. 


THE REACTION QUOTIENT 


Earlier in the chapter, you read that regardless of the initial concentrations 
of reactants in anequilibrium reaction, the value forthe equilibrium constant 
will always be the same. The equilibrium constant is determined at equilib- 
rium when the rates of the forward reaction and reverse reaction are the 
same. If the two reactants are put in a reaction vessel and there is initially no 
product(s), the reactants will react for a period of time. After a while, the 
amount of product will begin to build up, but while this is happening the 
product(s) will begin forming the reactants. This process will continue until 
the rates are the same. Using the same logic, if only the products of the 
previous reaction were placed in the reaction vessel, the reverse reaction 
would proceed until the time when the reactants had accumulated in 
sufficient quantity to begin forming products at the same rate as the reverse 
reaction. The concentrations of reactants and products will change until 
equilibrium is reached. 

There are times when you will be given information about the reactants 
and products when they have not reached equilibrium. Under these condi- 
tions, a value known as the reaction quotient can be calculated. The value of 
the reaction quotient, Q, when compared to the equilibrium constant, will 
indicate the direction the reaction is proceeding. The reaction quotient is 
calculated using the same expression as K, but the concentrations of the 
reactants and products are not equilibrium values. For the reaction 


аА + bB > cC + dD 


the reaction quotient, Q, is calculated with the expression: 
c d 
А [c] Ep] 
= а b 
[a] [B] 
The value of Q can be helpful in determining the direction of a reaction in 
a nonequilibrium state. For instance, if the value of Q is greater than K, it 


means that the equation is top-heavy or that there are too many products (or 
not enough reactants). In this case, the reaction will have to proceed to the 
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left to lower Q toward the value of K. If Q is smaller than K, there are too 
many reactants and not enough products, which means the reaction will need 
to shift to the right to reach equilibrium. If Q and K are equal to one another, 
the reaction is at equilibrium. 


Sample: 
N,(g) + 3H,(g) <> 2NH,(g) 


In the reaction shown above, the value of K at 500°C is 6.0 x 107. At some 
point during the reaction, the concentrations of each material were 
measured. At this point, the concentrations of each substance were [N,] = 
1.0 x 10? M, [H, ] 2 1.5 x 10? M, and [NH,] = 1.5 x 10? M. Calculate the 
value of Q, and determine the direction that the reaction was most likely 
to proceed when the measurements were taken. 


Answer: To solve this problem, you need to begin by determining the value 
of Q using equation 12.5: 


[c] [pY [х,у (1.5103) | 
2= Га] [вр [м,[[н,[ > (.ох1о®)1.5х10°) = °°?" 


The value of О is nearly 9 orders of magnitude larger Шап K. Therefore, 
the only way that equilibrium will be reached is if the reaction proceeds 
toward the left. That will decrease the numerator, increase the denominator, 
and decrease the value of Q. 


SOLVING PROBLEMS WHEN NOT ALL 
EQUILIBRIUM CONCENTRATIONS ARE KNOWN 


Occasionally, not all equilibrium concentrations are known. When this 
occurs you must use equilibrium concepts and stoichiometry concepts to 
determine K. What you are trying to do in these problems is determine the 
amounts of materials at equilibrium. In Chapter 11, you learned that the 
balanced chemical equation shows you the relative amounts of reactants and 
products during the chemical reaction. For a reaction at equilibrium, the 
logic is the same. The mole ratios still apply. There is one major difference, 
however, between the stoichiometry of reversible and irreversible reactions. 
For reversible reactions, the reactants will not be completely converted to 
product(s), which is the case in irreversible reactions (Keeping in mind 
limiting reactants, of course). So, in the stoichiometry of equilibrium, the 
mole ratios are still used to determine the relative amounts of each sub- 
stance. However, because the reactants are not completely converted to 
products (and vice versa), the ratio will only help us to determine the 
difference between the starting and ending amounts of a substance. This 
process will be illustrated in the next sample problem. Using a table and 
following some basic steps can simplify solving these problems: 
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Step 1. Write a balanced equation for the reaction. 

Step 2. Create a table with three rows and as many columns as there are 
constituents (reactants and products). The three rows should be 
labeled “Start” (for initial concentration or pressure), “A” (change 
in concentration or pressure), and “Finish” (equilibrium concentra- 
tion or pressure). 

Step 3. Fill in all known parts of the table. 

Step 4. For any substances where the initial and equilibrium concentrations 
are known, determine the change in concentration (A). 

Step 5. Use the stoichiometric relationships (mole ratios) in the reaction to 
fillin the remaining blanks (review Chapter 11 if you have forgotten 
this). 

Step 6. Once the table is completed, use the values to determine the 

equilibrium constant. 


Sample 1: 
The equilibrium reaction referred to is 


H,(g) + L(g) <> 2HI(g) 


When 2.00 mole each of hydrogen (H,) and iodine (L) are mixed in an 
evacuated 1.00 L vessel, 3.50 mole of HI are produced. What is the value of 
the equilibrium constant, K ? 


Step 1. The equation is already balanced. 
Steps 2 and 3. Create a table; fill it in with the known values: 


H, b 2HI 
Start 2.0M 2.0M 0 
A 
Finish 3.50 


Note: The volume of the vessel is used to calculate the concentrations. 
Don't forget, you can put a “0” in the start for HI since there is none 
initially present. You always need to carefully examine your given informa- 
tion. Quite often there is material that is given that is not explicitly stated. 
In this problem, you are not told that there is no HI to start with, but you are 
told that H, and I, are combined in an evacuated vessel. That means nothing 
else is in there. In other words, the starting concentration of HI is zero. 


Step 4. The only substance you can calculate the change (A) for is HI, so fill 
in the table for it. 


H, I, 2HI 
Start 2.0M 2.0M 0 
A +3.50 
Finish 3.50 
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Step 5. Use the mole ratios from the balanced equation to fill in the 
remaining blanks. You can use the ratios because you know, from the 
balanced equation, that if 3.50 moles of HI are produced, one-half that 
amount of each reactant must have been used up (mass still has to be 
conserved). 


1 mol H, 

3.50 mol HI x 2 mol HI = 1.75 mol H, 
1 mol I, 

3.50 mol HI x 2 mol HI = 1.75 mol I, 


Because H, is being converted into HI, this number should be a negative 
number to indicate the decrease in quantity. The same goes for L. You can 
see here that because the reaction is at equilibrium, not all of the starting 
materials are converted into the product HI. However, because of the law of 
conservation of mass, you know that whatever amount of product was 
gained must correspond to an equivalent loss of reactants. 


H, (mol) I, (mol) 2HI (mol) 
Start 2.0 2.0 0 
A -1.75 -1.75 +3.50 
Finish 0.25 0.25 3.50 


Step 6. The quantities from the “Finish” row are used to calculate К. 


[HI] (3.50) 
£= [6.12] > (025025) = 6 


You Try It! 
Nitric oxide gas, NO, and oxygen gas, О», react to form the poisonous gas 
nitrogen dioxide, NO,, in the reaction shown below: 


2NO(g) + O,(g) <> 2NO,(g) 


10.0 moles of NO and 6.00 moles of O, are placed into an evacuated 1.00 
L vessel, where they begin to react. At equilibrium, there are 8.80 moles of 
NO, present. Calculate the value of K , assuming that the temperature 
remains constant throughout the reaction. 


Answer: 33.6 


Determining Equilibrium Concentrations When 
Only Initial Concentrations Are Known 


In this next section, we will look ata situation in which you have information 
about the starting materials, but no information about the quantities at 
equilibrium. If you are thinking ahead, you may see that in the charts you 
have just been reviewing, if you don't know the quantities at equilibrium, 
each substance will be represented by a variable. There are two main ways 
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to handle these problems. The first we will look at is to set up an equation 
and solve for x. This is by far the easier of the two. In the next sample we will 
look at how to solve such a problem. 


Sample 2: 
H,(g) +1, = 2HI 


0.500 mol of H, and 0.500 mole of I, are added to a 1.00-liter reaction vessel. 
The mixture is heated to 498 °C and allowed to reach equilibrium according 
to the reaction shown above. At this temperature, K, = 49.7. What is the 
composition of the reaction mixture at equilibrium in this system? 


Answer: To begin, you will need to make a chart with all of the information. 
This chart will be slightly different however, because no ending amounts are 
known. 


H(g) +1, <> 2HI 
H, id 2HI 
Start 0.50 0.50 0 
A -X -X +2x 
Finish 0.50 — 0.50 - x 2x 


Before continuing, you should take note of a few things. First, because the 
reaction vessel is 1.00 liter, we can substitute the number of moles for the 
molarity. Second, because we don't know the equilibrium concentrations of 
the two known substances (H, and L), we must represent the decrease in 
each substance with the variable x. Finally, the ration 2/1 written in the A row 
for HI represents the mole ratio of HI to the other reactants. 

At this point, we're ready to substitute the values into the equilibrium 
expression for К. 


Гад (2х)? 
К = 49.7 = 
- [mn] (0.50 - x)? 
At this point, you need to think before proceeding. Don't jump right in and 
start multiplying numbers and variables. If you look carefully, you will notice 


that the values on the right are both squared. This means that you can take the 
square root of both sides and get rid of those squares. The result of this is 


(2x)' 
4497 = (050-2) 
(2x) 


which is rewritten as +7.05 = (0.50— х)` 


Both + and — 7.05 values must be considered since they аге both 
mathematical possibilities. 


+7.05(0.50 — x) = 2x, which we then can solve as two equations: 


43.525 – 7.05х = 2x and -3.525 7.05 2 2x 
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Solving for x, we find that the two equations produce the following 
solutions: 
3.525 = 9.05x -3.525 = —5.05x 
and 
0.39=x 0.70 =x 


The second answer can’t be correct because a value of x that large will 
produce negative concentrations of H, and L at equilibrium. Therefore, the 
answer, 0.39, is accepted as the answer for x. At this point, the value must 
be substituted back into the table to obtain the equilibrium concentrations. 

Solving for x, we get 0.11 mol H,, 0.11 mol L, and 0.78 mol HI 


You Try It! 

0.500 moles of NO gas are placed into a 1.00-liter reaction vessel. The gas 
is heated to an extremely high temperature, where it decomposes according 
to the reaction shown below: 


2NO(g) => N,(g) + O,(g) 


At equilibrium, К —2.4 x 10°. Determine the equilibrium composition of 
the mixture at equilibrium. 


Answer: 5.1 x 10? mol NO, 0.25 mol N,, 0.25 mol O, 

In the last sample problem and the You Try It! problem, the problems 
were designed so that the values of x could be obtained by finding the square 
roots of each side of the equation. There are some problems where this is not 
the case and you must calculate x using the quadratic equation. While you 
may have worked with these kinds of problems in your course, they will not 
be included in this book because they don't appear on the AP exam. 


LE CHATELIER’S PRINCIPLE 


Le Chátelier's Principle states that if a system at equilibrium is disturbed, it 
will react in such a way as to minimize the disturbance. What causes these 
disturbances? Changes in pressure, concentration, and temperature can affect 
the constituents in a reaction, each of which is discussed in detail below. 
Refer to the general reaction shown below in the discussion that follows: 


aA + bB = cC + dD 


Effects of Changing Concentration 

Adding A or B to the mixture will create an increased concentration of A or 
B. The reaction will respond by trying to “use up” the excess; in other words, 
the rate of the forward reaction will increase until equilibrium is reestab- 
lished. Likewise, adding C or D will cause the reverse reaction to speed up. 


Sample: Which direction will the reaction shift if substance A is added to the 
reaction vessel? 


Answer: Adding A or B will cause a shift in equilibrium to the right. This 
will use up the extra A until equilibrium is reestablished. 
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Effects of Changing Pressure 


If the pressure of a system containing gaseous molecules is increased, then 
the number of molecules must be reduced to relieve the stress. The reaction 
will shifttothe side withthe smallest number of moles of gaseous molecules. 
If the number of moles is the same in the forward and reverse reaction, then 
no change will occur. In order for pressure changes to affect the direction of 
the reaction, the pressure must be increased by either decreasing the volume 
of the container or by changing the partial pressures of the individual gases 
in the mixture. For example, adding an inert gas to the reaction vessel will 
not affect the reaction. It will increase the total pressure of the system, but 
it will not affect the partial pressures of the gases involved in the reaction. 


Sample: In the reaction 
2C1 (8) + 2H,O(g) = 4Cl(g) + О, (8) 


in which direction will the reaction shift if the pressure increases? 


Answer: If you count the number of moles of gas on each side of the 
equation, you will note that the left side of the reaction contains 4 moles of 
gas, while the right side has 5 moles. An increase in pressure will favor the 
side with the fewest number of moles, so the reaction will shift to the left (the 
reverse reaction is favored). 


Effects of Changing Temperature 


The effect a change in temperature will have on a system depends on the 
enthalpy of reaction. Enthalpy is a concept that will be discussed in detail in 
Chapter 16, but you will be able to understand this concept with just a small 
amount of information. There are two main types of reactions: endothermic 
and exothermic. Endothermic reactions require heat in order to occur, while 
exothermic reactions release heat. Enthalpy is a measure of the amount of 
heat liberated or absorbed in a chemical reaction that occurs at constant 
pressure. It can be measured, and it is described by the symbol H (AH for a 
reaction which involves a change in enthalpy). A negative value for AH 
means the reaction is exothermic, while a positive value for AH represents 
an endothermic reaction. The important thing to remember is that a change 
in temperature of a reaction at equilibrium will cause the reaction to shift in 
the direction that will undo the change of temperature. An important note 
about temperature changes is that because the shifts are based on the 
energetics (enthalpies) of the reactions, the shifts will cause changes in rates 
that will affect K. Changes in temperature will change the value of K. 
Let’s refer to the previous equation to illustrate: 


aA + bB = cC + dD 


If you write the equation with the word “heat” in it, you can then treat the 
equilibrium the same as you do for a change in concentration. If the forward 
reaction is endothermic, (AH>0), write “heat” as a reactant. If the reaction 
is exothermic, (AH<0), write "heat" as a product. 
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Sample 1: What effect will an increase in temperature have on the reaction 
below? 


2 SO,(g) < 2 SO,(g) + O,(g) AH? = +196.6 kJ per 2 moles SO, 
First, note that the reaction is endothermic (AH>0). It can be rewritten as 
Heat + 2SO,(g) <> 2SO,(g) + O,(g) 


The addition of heat will cause the reaction to proceed in a direction that 
will use up heat. In this reaction, the highly endothermic forward reaction 
will use up the heat and will hence be favored. The reaction will shift to the 
right, and K will increase at the higher temperature. 


Sample 2: What effect will an increase in temperature have on the reaction 
below? 


2NO(g) + O,(g) => 2NO,(g) АН? = -113 kJ 
Answer: Note that the reaction is exothermic (AH<0). It can be rewritten as 
2NO(g) + O,(g) <> 2NO,(g)+ Heat 


Since the reaction will shift to use up the heat, you can see that the reverse 
reaction will be favored. The reaction will shift to the left. For exothermic 
reactions, K is smaller at higher temperatures. 


Catalysis 


Catalysts do not affect equilibrium concentrations. The addition ofa catalyst 
speeds up the rate of both the forward and reverse reactions. At equilibrium, 
these reaction rates are equal. The effect of the catalyst is to make these equal 
rates faster. 


You Try It! 
Combining carbon monoxide gas, CO, and hydrogen gas, H,, in the reaction 
shown below, produces methanol, CH4OH: 


CO(g) + 2H,(g) => CH,OH(g) АР? = -21.7 kcal 


Which direction will the reaction proceed after the following disruptions 
to the equilibrium? 
(a) Some of the methanol vapor is condensed and removed from the 
reaction vessel. 


(b) The pressure is increased by decreasing the volume of the reaction 
vessel. 


(c) The temperature is increased. 


Answers: (a) shift right (b) shift right (c) shift left 
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Summary: Equilibrium 


Chemical equilibrium occurs in reversible reactions when the rate of the 
forward reaction is equal to the rate of the reverse reaction. 


The equilibrium constant, K, describes the relationship between the 
reactants and products of a reversible reaction at equilibrium. 


K describes equilibrium in terms of the concentrations of reactants and 
products. 


K, describes equilibrium in terms of the partial pressures of the reactants 
and products. 


The reaction quotient, Q, is used to describe the relationships between 
the reactants and products in a system that is not necessarily in 
equilibrium. 

When the value of Q « K, the reaction proceeds to the right; when the 
value of Q » K, the reaction proceeds to the left; and when Q - K, the 
reaction is at equilibrium. 


Le Chátelier's Principle states that when a system at equilibrium is 
disturbed, it will react in a way that minimizes the disturbance. 


A change in the concentration of reactants or products will cause the 
reaction to shiftin the direction that compensates for the addition or loss 
of material. For example, if the concentration of a reactant is increased, 
the reaction will proceed to the right, toward the formation of more 
product. This will use up the excess reactant and restore equilibrium. 


A change in pressure of a gaseous mixture will shift equilibrium to the 
direction that compensates for the pressure change. Increases in pres- 
sure will shiftthe reaction to the side of the reaction that has fewer moles 
of gas, while decreases in pressure favor the side of the reaction with 
more moles of gas. 


The effects of temperature changes are related to the enthalpy of the 
reaction. In response to a temperature increase, an endothermic 
reaction (AH » 0) will shift to produce more products, which will use 
up the excess heat. An exothermic reaction (AH « 0) will shift to 
product more reactants, which uses up the heat in the reverse reaction 
(or by slowing down the forward reaction, slows down the production 
of additional heat). 
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REVIEW QUESTIONS 


1. 2CO, (8) = 2 СО (8) + O, (8) 


After the equilibrium represented above is established, some pure O, (g) is 
injected into the reaction vessel at constant temperature. After equilibrium is 
reestablished, which of the following has a lower value compared to its value 
at the original equilibrium? 

(A) К for the reaction 

(B) The total pressure in the reaction vessel 

(C) The amount of CO, (g) in the reaction vessel 

(D) The amount of O, (g) in the reaction vessel 


(E) The amount of CO (g) in the reaction vessel 


2. 2850, (g) + O,(g) <> 250 (8) AH? =-197 kJ 
Which of the following changes alone would cause a decrease in the value of 
К for the reaction represented above? 
(A) Decreasing the temperature 
(B) Increasing the temperature 
(C) Decreasing the volume of the reaction vessel 
(D) Increasing the volume of the reaction vessel 
(E) Adding a catalyst 


3. N,(g) + ЗН, (5) => 2NH,(g) + energy 


Some N Я апа Н, are mixed in a container at 200 °С, and the system reaches 
equilibrium according to the equation above. Which of the following causes 
an increase in the number of moles of NH, present at equilibrium? 


I. Decreasing the volume of the container 

II. Raising the temperature 
III. Adding a mole of Ar gas at constant volume 
(A) I only 
(B) II only 
(C) Тапа Ш only 
(D) Папа III only 
(E) I, II, and III 


4. L(g) + Br (g) = 2IBr(g) 


Inthe reaction shown above, 0.50 moles of Br, and 0.50 moles of I, are placed 
in an evacuated 1.00 liter vessel and allowed to reach equilibrium. What is the 
value of K if the vessel contains 0.84 moles of IBr at equilibrium? 


(A) 2.0 
(B) 8.8 
(C) 11.0 
(D) 110 
(E) 131 


www.petersons.com 


312 Part 11: AP Chemistry Review 


www.petersons.com 


5. 4CuO(s) + CH (g) => CO,(g) + 4Cu(s) + 2H,O(g) 


Which is the correct set up to determine К, for the reaction above? 


CACI 
[Cuo] [CH] 


[Cuo] [cH] 
(8 [co, [cu] [Ho] 
[со н.о 
[сн, | 


[со, |ін,ор 

[сао] [сн] 

со} [cu] [H0] 
[сао [сн, | 


(E) 


. In which of the following systems would the number of moles of the 


substances present at equilibrium NOT be shifted by a change in the volume 
of the system at constant temperature? 


(А) SO,(g) + О, (в) = 250, 
(В) N,(g) + 3 H,(g) == 2 NH,(g) 

(С) № (6) + SO,(g) <= SO,(g) + NO(g) 
(D) N,O,(g) = 2 NO,(g) 

(E) CO(g) + 3H,(g) <= CH,(g) + H,O(g) 


. Cu,S(D) + O,(g) = 2Cu(I) + SO,(g); AH = - 250 kilojoules 


The reaction above is used in the mining industry to extract copper from 
copper ore. Once the mixture is allowed to establish equilibrium at tempera- 
ture T and pressure P, the equilibrium can be shifted to favor the products by 


(A) increasing the pressure by decreasing the volume of the reaction 
vessel at constant T. 


(B) increasing the pressure by adding an inert gas such as helium. 
(C) decreasing the temperature. 
(D) allowing some gases to escape at constant T and P. 


(E) adding a catalyst. 
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8. An evacuated 1.00-liter vessel 15 injected with 0.777 moles of sulfur trioxide 


10. 


11. 


gas, SO,. The vessel is then heated to a high temperature where the SO, 
partially decomposes to form the products SO, and O, in the reaction shown 
below: 

250 (6) = 280,(g) + O,(g) 


The temperature is kept constant, and the amount of SO, in the vessel at 
equilibrium is 0.520 mol. What is the value of К at this temperature? 

(A) 0.031 

(B) 0.062 

(C) 0.125 

(D) 0.257 

(E) 31.9 


. A 3.00-liter reaction vessel is filled with carbon monoxide gas, CO, and 


chlorine gas, Cl,. The mixture is heated to 670 K and allowed to reach 
equilibrium according to the balanced equation shown below: 


CO(g) + Cl (e) => COCL(g) 
At equilibrium, the mixture contains 0.036 moles CO, 0.075 moles Cl, and 
1.11 moles COCI,. What is K, at this temperature? 
(A) 8.11 x 104 
(B) 2.43 x 10? 
(C) 12.0 
(D) 411 
(E) 1.22x 10? 


H,O(g) + CLO(g) => 2HOCI(g) 


The reaction above is allowed to come to equilibrium at room temperature. At 
equilibrium, the partial pressure of H,O is 296 mm Hg, Cl,O is 15 mm Hg, and 
HOCI is 20 mm Hg. What is the value of K at this temperature? 


(A) 222 
(B) 11 
(C) 0.017 
(D) 0.090 
(E) 0.0045 


For the reaction shown below, K „= 2.8 x 10? at 400 К. 
2NH,(g) = N,(g) + 3H,(g) 

What is the value of K, at this temperature? 

(A) 1.3 x 10° 

(B) 2.6 x 10? 

(C) 8.5 x 10* 

(D) 1.3 x 10? 

(E) 30 
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12. At373 K, the reaction shown below has an equilibrium constant, K, =2.19x 
10719, 


COCL(g) => CO(g) + CL(8) 


After placing a mixture of gases in the reaction vessel, the concentrations 
were measured to be [COCI, ] = 3.50 x 10? M, [CO] = 1.11 x 10? M, апа [Cl] 
= 3.25 x 10°° M. Which statement below accurately describes the reaction? 


(A) The reaction is at equilibrium. 

(B) The reaction is not at equilibrium, and it is proceeding to the left. 
(C) The reaction is not at equilibrium, and it is proceeding to the right. 
(D) The reaction quotient is equal to К. 


(E) The reaction quotient is less than К. 


Free-Response 


Question 1 


Sulfur trioxide gas, one of the causes of acid rain, is produced in the upper 
atmosphere when oxygen reacts with sulfur dioxide gas in the reaction 
shown below: 


250,08) + O,(g) => 280,(g)  AH°=-197 kJ 


The gases are placed in a reaction vessel and allowed to come to equilibrium 
at temperature 7, pressure P, and volume V. Predict and explain the effects 
that each of the following will have on the equilibrium composition of the 
reaction: 
(A) The partial pressure of SO,(g) is increased by the addition of SO,(g). 
(B) The pressure in the vessel is increased by the addition of He. 


(C) The total pressure in the vessel is increased by decreasing the volume 
of the vessel. 


(D) The temperature of the system is decreased. 


(E) The partial pressure of O,(g) is decreased. 


Question 2 

A 1.00 liter evacuated reaction vessel was filled with 0.034 mol each of H, and 
I, gases. The reaction proceeded to equilibrium according to the equation 
shown below. The equilibrium constant, К, at temperature Т, was 45.0. 


H,(g) + L(g) => 2HI(g) 


(A) What is the equilibrium composition of the mixture? 


(B) Determine K , for the reaction mixture described in part (A), if the 
temperature T is 500 °C. 

(C) After equilibrium had been established, 0.008 mol of HI was injected 
into the reaction vessel, and the system was allowed to reestablish 
equilibrium. Determine the new composition of the equilibrium 
mixture after the new equilibrium is established. 
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ANSWERS 


1. The correct answer is (Е). A large percentage of the multiple-choice equilib- 


rium questions are based on Le Chátelier's principle, like this one. If pure 
oxygen is injected into the reaction vessel, the concentration of one of the 
products increases, which will drive the reaction to the left. You need to look 
for answers that are consistent with that shift. The amount of carbon monoxide 
will have to decrease because it is required to react with the excess oxygen to 
restore equilibrium. 


. The correct answer is (B). This is another Le Chátelier problem. Because it 
is an exothermic reaction (AH? < 0), you can think ofthe reaction as having heat 
as another product. An increase in temperature will drive the reaction to the left. 
This will cause an increase in the concentration of reactants (and a subsequent 
decrease in products), which will decrease the value of К 


. The correct answer is (А). А decrease in pressure, caused by a decreased 
volume, will cause the reaction to shift in the direction that has fewer particles, 
whichis to the right. This is the only choice that is true. Raising the temperature 
of an exothermic reaction will drive the reaction to the left, which will decrease 
the number of moles of NH,; adding an inert gas like argon will have no effect 
on the reaction because it won’ t affect the partial pressures of any of the reaction 
components. 


. The correct answer is (D). This requires the use of a chart, which is shown 
below: 


L(g) + Br,(g) => 2IBr(g) 
L Br, 2IBr 
Start 0.50 mol 0.50 mol 0 mol 
1 1 
A - 2 (0.84) - 2 (0.84) +0.84 mol 
Finish 0.08 mol 0.08 mol 0.84 mol 


Because the volume of the vessel is 1.0 liter, the number of moles is the same 
as the concentration (molarity). Therefore, we’re ready to substitute the 
numbers into the equilibrium constant expression: 


[IB] _ (084) 
E,-[n]Bs] (0.08)(0.08) = 119 


. Thecorrect answer is (C). The solids CuO and Cu must be omitted from the 
equation. 


. The correct answer is (С). The equation in choice (C) is the only one in which 
the number of moles of products is the same as the number of moles of reactants. 
As a result, it won't shift in response to pressure changes due to changes in 
volume. 
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. The correct answer is (D). There are two things that you should note about 


this equation. First, it is exothermic; second, it involves a heterogeneous 


equilibrium (it has two solids and two gases). Therefore, the equilibrium 
[805] 
05] 


expression is . A decrease in the temperature will cause a shift toward the 
products. One of the bigger tricks in this question is the use of solids. If you are 
looking at the number of moles of each substance, and not paying attention to 
the states, you will be mislead into thinking that a pressure change will have an 
affect on this. It won’t, because there are equal numbers of moles of the only 


gaseous components. 


. The correct answer is (A). This is another chart problem. Set it up as follows: 


25О,(8) <= 250,5) + O,(8) 


2SO 2SO O 


3 2 2 


Start 0.777 mol 0 0 


Finish 0.520 mol 0.257 0.1285 


2 
A -0.257 +» (0.257) +2(0.257) 


10. 


11. 


[SO['[o.] _ (0.257) (0.1285) 


[50,] (0.5207 00! 


Now the substitution: К = 


. Thecorrect answer is (E). Be careful, there was huge trap in this problem— 


one that the AP exam occasionally throws in. In this problem, the volume of the 
reaction vessel is not 1.0 liter. Therefore, to get the concentrations of the 
reactants and products, you must use the number of moles divided by the 
volume (n/3 liters). Look out for this on the AP exam. The rest of the problem 


is as follows: 
Lu 
[coci, | 3 


K= [co]cu] - (ey 0075. = 1.23 x 10? 
3 3 
The correct answer is (D). This is a straightforward K, problem. 


(Proc). Е (20)? 
x 3 [Piso Basal (296)(15) = 0.090 


Ап 
The correct answer is (B). Conversion of K, to К:К = K, ES where 
An = (number of moles products — number of moles reactants) = ((1+3) - 2) = 
2. The equation then becomes 


1 


2 
ЖЕРГ. d 


K = 28x10? | 
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12. The correct answer is (B). This is a reaction quotient, Q, problem. You need 
to calculate Q and then compare it to the equilibrium constant, K. The 
calculation is as follows: 


[cofcu] (11x 10 ^ (325x105) 
0= [coc] ^ . (550x107) 


1.0 x 10°. 


This is considerably larger than K. Therefore, the reaction is not at equilibrium, 
and it must be moving toward the left (which will increase the reactants, 
decrease the products, and decrease Q until it equals K). 


Free Response 


Question 1 

(A) The addition of SO, to the reaction vessel will increase the concentra- 
tion of SO, and drive the reaction to the left, causing the production of 
more SO, and O,, increasing their partial pressures and concentra- 
tions. 

(B) The addition of an inert gas will not affect the equilibrium partial 
pressures and, as a result, will not cause a shift in the equilibrium. 

(C) Increasing the pressure by changing the volume will cause the 
reaction to shift to the right. This will allow the number of particles to 
decrease, which will reduce the pressure. 

(D) This is an exothermic reaction (AH « 0). A decrease in temperature 
will drive the reaction to the right in an attempt to generate more heat. 
Thus, the amount of SO, will increase. 

(E) Decreasing the partial pressure of O, will cause the equilibrium to 
shift to the left in order to restore equilibrium. This will cause an 
increase in SO, and a decrease in SO,. 


Question 2 
(A) You need to set up a table for this one. 
H,(g) + L(g) <=> 2HI(g) 
H, 1, 2HI 
Start 0.034 0.034 0 
A -Х -Х +2/1x 
Finish 0.034 —x 0.034 —x 2x 


The next step is to set up the equilibrium expression: 


Гн (2х) 


К р “5 Goma 


You сап take the square root of both sides to determine the value of х: 


(2х) (2x) 


v45 = (бозду — 56717 (0034-2) 
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(B 


(C 


) 


— 


Solving for and — 6.71, we find x to be 


0.228 — 6.71x = 2x -0.228 + 6.71 = 2x 
0.228 = 8.71x -0.228 = -4.71x 
0.026 = x 0.049 = x 


0.049 must be rejected because it would cause H, and I, to have 
negative concentrations. Therefore, x = 0.026. Substituting this back 
into the values in the table provides: 


0.008 mol H,, 0.008 mol L, and 0.052 mol HI 
K, = K (RT); K, = 45[(0.0821)(773 K)]°; K, =45 


K, „İs the same as К. There is no difference in the number of moles of 
reactants and products. Therefore, the partial pressures will be 
proportional to the concentrations. 


You need to make another table. One thing to be careful of is that in 
this problem, you don't have any starting materials equal to zero. 


H,(g) + L(g) <= 2Hl(g) 


H, I, 2HI 
Start 0.008 0.008 0.060 
A + 0.5x + 0.5x -x 
Finish 0.008 + 0.5x 0.008 + 0.5x 0.060 —x 


Because you are starting with some hydrogen and iodine, you have to 
add the new amount to the original amount. In the calculation that 
follows, K, remains the same since we are at the same temperature. 


[нг]. (0.060— х)? 
K= н, L] “= (о.008+0.5х)? 


Taking the square root of each side: 


(0.060 — х)? (0.060 — x) 
= Wa ea гуж + = PIU ER 
N45 = 100.008 +0.5х)2: 071 = (0.008 0.5x) 
Finish solving for x (—6.71 is excluded because it yields a negative 
value for x): 
+6.71(0.008 + 0.5x) = 0.06 — x 
4.355x = 6.2 x 10? 
х= 1.45 x 10? 


Substituting for the values in the table: 


8.7 x 10° =H,, L; HI = 0.059 


2? 9* 
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DEFINITIONS OF ACIDS AND BASES 


There are three definitions for acids and bases that you must be familiar with: 
Arrhenius, Brgnsted-Lowry, and Lewis. In the following section, you will 
review the meaning and application of these different definitions. 


Arrhenius 


Arrhenius definitions are the earliest and the most simplistic of acid base 
definitions. Of the three definitions, arrhenius definitions are the least 
inclusive, but the most commonly known acids and bases can be defined by 
Arrhenius. 

An Arrhenius acid is a substance that, when dissolved in water, increases 
the concentration of H* ions in the solution. 


H,0 
Example: HCl(g) > H*(aq) * CI (aq) 


An Arrhenius base is a substance that, when dissolved in water, increases 
the concentration of OH: ions in the solution. 


HO 
Example: NaOH(s) Na" (aq)-- OH (aq) 


In the Arrhenius definitions for acids and bases, the strength of the acid or 
base is determined by the degree of ionization. For example, НСІ is 
considered a strong acid because when it is placed in water it completely 
ionizes to H* and СТ. The strongest acids and bases are all Arrhenius acids 
and bases. 


Bronsted-Lowry 

While the Arrhenius definitions focus on the H* and OH ions, the Bronsted- 
Lowry definitions focus on the behavior of protons—that is, the transfer of 
a proton from one substance to another. 

A Brgnsted-Lowry acid is a substance that transfers a proton to another 
substance. Since a hydrogen ion is a proton, all Arrhenius acids are 
Brgnsted-Lowry acids. However, the slight difference in definitions allows 
us to consider additional substances as acids. We can also consider reactions 
that do not occur in aqueous solutions. 


Example: NH,(g) + HCl(g) > NH,C\(s) 
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Notice how HCI still acts as an acid, but in this reaction it is doing so 
without being dissolved in water. 

A Brgnsted-Lowry base is substance that accepts a proton from another 
substance. This is a significant change from the Arrhenius definition. 
Arrhenius bases possess an ОН”, whereas Brgnsted-Lowry bases need not. 
In the example below, notice how ammonia increases the concentration of 
hydroxide ion in the resulting solution without donating a ОН ion. It does 
so by accepting a proton from water. 


NH,(aq) + H,O <> NH, (aq) + OH (aq) 


Another significant difference between definitions is that Brgnsted- 
Lowry acids and bases need not be molecular substances. There are a variety 
of reactions in which ions donate or accept protons. In the sample below, 
note how the cyanide ion (CN?) acts as a base by accepting a proton and the 
bicarbonate ion (НСО) acts as an acid by donating a proton. 


CN (aq) + НСО, (aq) <=> HCN(aq) + CO,” (aq) 


Amphoterism 


An amphoteric substance is a substance that acts as an acid in some 
reactions and a base in others. In the two reactions below, note how water 
donates a proton (making it an acid) in the first reaction, while in the second 
reaction it receives a proton (making it a base). 


NH,(aq) + HO <> NH, (aq) + OH (aq) 


HCl(g) + HOW) > H,O*(aq) + CF(aq) 


Conjugate Acid-Base Pairs 


One very important thing to remember is that an acid and base are always 
present in these reactions. In order for a molecule or ion to donate a proton, 
there has to be another ion or molecule to receive it. In addition, in reversible 
acid-base reactions, the roles of the substances as proton donor or acceptor 
will switch in the reverse reaction. In the example below, note how water (a 
Brgnsted-Lowry base in this reaction) accepts a proton to form a hydronium 
ion in the forward reaction. In the reverse reaction, the hydronium ion 
(Brgnsted-Lowry acid) donates a proton and, after losing the proton, 
becomes the water molecule once again. 


H,CO,(aq) + H,O() => H,O*(aq) + HCO, (aq) 


Also note how H,CO, donates a proton in the forward reaction to form a 
bicarbonate ion, which then will accept a proton in the reverse reaction. 

These pairs of substances—H, O/H,O* and H,CO,/HCO, —differ only by 
the presence (or absence) of a proton, which classifies them as conjugate 
acid-base pairs. A conjugate acid is formed when a proton is added to a 
Brgnsted-Lowry base. Therefore, in the previous example the conjugate 
acid is the hydronium ion, since it was formed by the addition of a proton to 
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the water molecule (the Brénsted-Lowry base in the forward reaction). 
Removing a proton from a Brgnsted-Lowry acid forms a conjugate base. 
In the previous example, HCO, is the conjugate base of H,CO.. 


Sample: In the chemical reaction shown below, identify the Brgnsted- 
Lowry acid, Brensted-Lowry base, conjugate acid, and conjugate base. 


H,PO (aq) + NO, (aq) == HNO,(aq) + H,PO , (aq) 


Answer: 

Brgnsted-Lowry acid: H,PO,—donates a proton 

Brgnsted-Lowry base: NO, —accepts a proton 

Conjugate acid: HNO,—formed by the addition of a proton to NO, ; will 
donate a proton in the reverse reaction 

Conjugate base: H,PO, —formed by the removal of a proton from H,PO,; 
will accept a proton in the reverse reaction 

NOTE: Removing a proton from an acid produces a conjugate base, and 
adding a proton to a base produces a conjugate acid. 


You Try It! 
In the chemical reaction shown below, identify the Bronsted-Lowry acid, 
the Brgnsted-Lowry base, the conjugate acid, and the conjugate base. 


NH,(aq) + H,O() <> NH,*(aq) + OH (aq) 


Answer: 

Brgnsted-Lowry Acid: H,O—donates a proton 

Brgnsted-Lowry Base: NH,—accepts a proton 

Conjugate acid: NH —formed by adding a proton to a base 
Conjugate base: OH —formed by removing a proton from an acid 


Strengths of Acids and Bases 


Before continuing on to the last definition of acids and bases, it will be 
helpful to consider the definitions for strong and weak acids within the 
context of the Brensted- Lowry model of acids and bases. The definitions are 
really an extension of the Arrhenius ideas. In the Arrhenius definitions, 
strong acids and bases were those that ionize completely. Most Brgnsted- 
Lowry acids and bases do not completely ionize in solution, so the strengths 
are determined based on the degree of ionization in solution. For example, 
acetic acid, found in vinegar, is a weak acid that is only about 1% ionized in 
solution. That means that when acetic acid, HC,H,O,, is placed in water, the 


A $2? 
reaction looks like 


HC,H,O,(aq) + H,OQ) <> C,H,0, (aq) + H,O*(aq) 


This equation can actually provide you with a wealth of information if you 
know how to interpret it. Because the acetic acid is only about 1% ionized, 
it means that the reaction to the left is much more favored than the reaction 
to the right. In the reaction going to the right, HC,H,O, is the acid and H,O 
is the base. In the reaction going to the left, H,O* is the acid and C,H,O, is 
the base. Because the reaction going to the left is favored, it means that H,O* 
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is a stronger acid than HC,H.O,. It also means that C,H,O, is a stronger base 
than H,O. In acid-base equilibrium reactions, the dominant direction of the 
reaction is from the stronger acid and base to the weaker acid and base. 

To summarize, strong acids yield weak conjugate bases while weak acids 
yield relatively strong conjugate bases. 


How Strength Relates to the Molecular Structure 

There are a few trends about acid strengths that you should be familiar with. 
If you consider the acid HA, the bond between H and A will have to be 
broken in order for the hydrogen ion to be donated. The easier it is to break 
this bond, the more acidic the substance HA. For binary acids (those 
containing only hydrogen and a nonmetallic element), there are two main 
factors that determine the ease of this process: the polarity of the bond 
between H and A and the size of A. The factors can be summarized as 
follows: 


* The larger molecule A is, the stronger the acid will be. 


* The more polar the bond between H and A is, the stronger the acid 
will be. 


For acids containing oxygen, known as oxoacids, the rules are similar but 
have a slight difference. In the oxoacids, the hydrogen atom is bonded to an 
oxygen atom, which is, in turn, bonded to something else. Quite often, the 
general symbol to describe them is HOX, where X is some element. For 
example, the structure of perchloric acid, seen in figure 13.1, shows the 
positioning of the acidic hydrogen atom (the one that will come off). Note 
how the oxygen atom it is bonded to is also bonded to a chlorine atom. For 
the oxoacids, the basic rules for determining the strengths of the acids are as 
follows: 


* The more electronegative element X is, the stronger acid HOX will be. 

* When comparing acids where X is bonded to additional oxygen mol- 
ecules (for instance, comparing perchloric acid, HCIO , to chloric acid, 
HCIO,), the more additional oxygen atoms that are bonded to X, the 
stronger the acid will be (HCIO, is stronger than HCIO,). 


For polyprotic acids (acids where more than one proton can be removed), 
each successive proton becomes more difficult to remove. In H,SO,, the first 
proton readily dissociates, forming the HSO; ion. The additional electron 
density on the ion has a stronger hold on the additional hydrogen ion, so it 
is held much more tightly. Therefore, for polyprotic acids, the anions formed 
by the dissociation of the acidic hydrogen are always less acidic than their 
parent molecule. 


Figure 13.1 
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Lewis Acids and Bases 

The Lewis concept of the acid is included in the AP curriculum but is not 
emphasized as much as the other two descriptions. As a result, we will just 
look at the main ideas. 

The Lewis concept deals with the behavior of electron pairs in chemical 
reactions. The same electron pairs we looked at when we discussed molecu- 
lar geometry (see Chapter 6) can be involved in many reactions. Substances 
that can form a covalent bond by accepting an electron pair from another 
substance are known as Lewis acids. Substances that can form a covalent 
bond by donating an electron pair to another substance are known as Lewis 
bases. Be careful that you don't mix these up with the Brgnsted-Lowry acids 
and bases. It is easy to do since the words “donate” and "accept" are used, 
except they are associated with the opposite species (Brensted-Lowry acids 
donate protons, while Lewis acids accept electron pairs). 

When you are working on problems with Lewis acids and bases, it is often 
useful to use Lewis diagrams (or at least modified Lewis diagrams) to 
determine the behavior and location of the electron pairs. In the reaction 
shownin Figure 13.2, note how the electron pair from nitrogen (in ammonia) 
is donated to boron (in BF,). This transfer of the electron pair allows for the 
formation of a covalent bond. 


F B F B 
Lewis Lewis 
Acid Base 


Figure 13.2 


In the previous example, note that the success of the reaction depended 
upon the acid (BF,) having an incomplete octet. Many substances, including 
metal ions that have incomplete octets, can act as Lewis acids in the presence 
of Lewis bases. 


Sample: Identify the Lewis acid and base in the reaction shown below. 
CN (aq) + H,O() <> HCN(aq) + OH (aq) 


Answer: 
Acid: H,O (gained a pair of electrons in the reaction) 
Base: CN- (donated a pair of electrons) 


You Try It! 
In the following reaction, identify the Lewis acid and the Lewis base. 
B(OH),(aq) + H,OW) > B(OH),(aq) + H*(aq) 


Answer: 
Acid: B(OH), 
Base: H,O 
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THE pH CONCEPT 
Self-lonization of Water 


A sample of pure water will contain a small quantity of ions (H* and OH) 
produced from the self-ionization of water. These ions exist only for a brief 
time period before rejoining to form water molecules. At any given moment, 
only a very small proportion ofthe sample of water exists as ions (only about 
one of every billion particles). The following equation describes this 
process: 


H,O() = H'(aq) + OH (aq) 


Using the equilibrium expression that you reviewed in Chapter 12, the 
equilibrium constant for the self-ionization of water can be expressed as 


и [н Дон] 
[8,0] 


However, since the concentration of liquid water is constant and so large 
relative to the concentration of ions, it can be omitted from the equilibrium 
expression. At 25 °C, the equilibrium expression can be rewritten as 


K = [H'][OH] = [PO"][OH] = 1.0 x 10°" 


where the subscript “w” in the equilibrium constant expression stands for 
“water.” Because the amounts of hydrogen and hydroxide ions are equal in 
water (and any neutral solution) 


[НУ] = [OH] = 1.0 x 107M 


Since the equilibrium constant expression (К) remains constant, an 
increase in one ion will only occur at the expense of a decrease in the other. 
An increase in [H*] must be accompanied by a corresponding decrease in 
[OH], such that the product of the two will equal 1.0 x 107. The reverse will 
occur as well—a decrease in [H*] will be accompanied by an increase in 
[OH ]. Use the table below to help you remember the relationships between 
these two ions. 


Solution 

Neutral [H*] = [OH] 
Acidic [H*] > [OH] 
Basic [H*] « [OH] 
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The pH Scale 


pH stands for the power of Hydrogen ion concentration in a solution. The 
numerical values for pH range from 0 to 14 and can be calculated using the 
equation below: 


pH = -log[H*] 
We can use the [H*] for a neutral solution to show how the pH equation 
works (recall that in a neutral solution [H*] = 1.0 x 107): 
pH = -log[H*] = -log(1.0 x 107) = 7 


A pH of 7 is representative of neutral solutions. In acidic solutions, where 
the [H*] > 1.0 x 107, pH values less than 7 are obtained. Likewise, in basic 
solutions, pH values greater than 7 are obtained. 


Sample: An unknown solution has a hydrogen ion concentration of 5.40 x 
10* M. Calculate the pH and determine if the solution is acidic or basic. 


Answer: pH = -log[H*] = -log(5.40 x 10%) = 5.27 

The pH is less than 7, so the solution is acidic. You can determine whether 
a solution is acidic or basic by “eyeballing” the [H*]. Any exponents less 
than —7 will yield an acidic pH, while exponents greater than —7 will yield 
a basic pH. 


You Try It! 
An unknown solution has a hydrogen ion concentration [H*] of 7.64 x 10^! 
M. Calculate the pH and determine if the solution is acidic, basic, or neutral. 


Answer: pH = -log[H*] = -log(7.64 x 107!) = 10.1, so the solution is basic. 


Calculating the Hydrogen lon Concentration 


There are a few variations on pH problems that you might encounter. The 
simplest variation is a reversal of the pH equation to solve for the hydrogen 
ion concentration. To solve these problems, rearrange the pH equation to 
solve for [НУ]. 


[НУ] = 10%" 


Sample: What is the hydrogen ion concentration of a solution with a pH 
of 2.4? 


Answer: [Н+] = 10°" = 10?2^— 4.0 x 10° M 


You Try It! 
An unknown base has a pH of 10.6. Determine ће [H+] of the solution. 


Answer: [Н+] = 10?" = 10796 = 2.5 x 10 M 


(Equation 13.2) 


(Equation 13.3) 
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(Equation 13.4) 


(Equation 13.5) 


(Equation 13.6) 
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Relationship between pH and [OH ] 


The second variation is to determine either the pH or the hydrogen ion 
concentration of a solution when given the hydroxide ion concentration, 
[OH ], for the solution. To solve these problems you need to utilize the 
equilibrium constant expression for the self-ionization of water (К). This 
expression will allow you to convert from the hydroxide ion concentration, 
[OH], to the hydrogen ion concentration [H*]. The [H*] can then be used to 
calculate pH if necessary. One of the free response questions on the 1999 
exam required this calculation. 


Sample: Orange juice has a hydroxide ion concentration of 6.3 х 10°? M. 
Determine the pH of orange juice. 


Answer: This will require two steps: 

First, the hydroxide ion concentration will be used to calculate the 
hydrogen ion concentration. Next, the obtained value will be used to 
determine pH. 


К = [НОН] = 1.0 x 107^ 
Solve for [НУ]: 


1.0х107'“ 
= 63xl0 7 =16x10°M 


Use this value to calculate the pH: 


(rl = [a] 


pH = -log[H*] = -log(1.6 x 10?) = 2.8 


You Try It! 
Household ammonia has a hydroxide ion concentration of 7.9 x 10? M. 
Calculate the pH of household ammonia. 


Answer: [H*]=1.3 x 107° M; pH = 11.9 


Calculation of pOH 


In addition to the pH value, a solution can also be described according to its 
pOH (power of hydroxide ion concentration). Because of the relationship 
between hydrogen ions and hydroxide ions, there are many similarities 
between pOH and pH. First, note the similarity between the calculation of 
pH and pOH in the equation below: 


pOH = -log[OH ] 
Similarly, the [OH ] can be calculated by rearranging the pOH equation: 
[OH-] = 10770" 


Finally, there is a relationship that allows easy conversion between pH and 
pOH: 


pH + pOH = 14 


Chapter 13: Acids and Bases 327 


Sample: A solution of potassium hydroxide has a hydroxide ion concentra- 
tion of 2.5 x 10? M. What are the pH, [H*], and pOH of the solution? 


Answer: There is more than one way to solve this problem. One possible 
solution would use the given [OH ] to calculate the [H*], use the calculated 
[H*]to determine the pH, and then use the pH to determine the pOH. Another 
would be to use the [OH ] to determine ће pOH, then use the pOH to 
determine the pH, and finally use the pH to determine the [H*]. While there 
are still other variations possible, we will select the second one and solve the 
problem. 


pOH = -log[OH ] = -log(2.5 x 10°) = 4.6 
pH = 14 - pOH =14 - 4.6 2 94 
[H+] = 10°" = 109^ = 4.0 x 10^ M 


You Try It! 
Drain cleaner, a strong base, has a pH of 13.0. Calculate the pOH, [OH ], 
and [H*]. 


Answers: 
pOH = 1.0; [OH-] = 1.0х10 M; [H+]=1.0x 10" M 


WEAK ACIDS AND BASES 


When а strong acid or base undergoes a complete ionization in solution, the 
concentrations of the newly formed ions can be understood using basic 
stoichiometry principles. This is because essentially all of the acid is 
converted to ions. With weaker acids and bases, equilibrium is established 
between the ions, much like the equilibria studied in the last chapter. The 
concentrations of the ions must be determined by using an equilibrium 
constant, K. The equilibrium constants used to describes acid-base equilib- 
riaare in the same formas К from the last chapter. We'll use the dissociation 
of acetic acid to begin our description of the new equilibrium constant. 

The equation that describes the ionization of acetic acid in water takes 
the form 


HC,H,O,(aq) + Н,О@) <> H,O*(aq) + C,H.O, (aq) 


If you were going to determine the equilibrium constant, K , for this 
reaction, you would set it up as follows: 


_ [н,о* [с,н;о,] 
i [HC;H,0, | 


Water is omitted from the expression because its concentration is not 
likely to be affected by this equilibrium. When the equilibrium constant, K , 
is written for an acid-base equilibrium, it is known as the acid-dissociation 
constant, К. The generic equation for the acid-dissociation constant is 
written with the symbol HA to represent the acid. Thus for the reaction 


HA(aq) + H,O() => H,O*(aq) + A-(aq) 
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(Equation 13.7) 


www.petersons.com 


The acid dissociation constant, K, is expressed 


[8:0 А] 


NI 
7 THA] 


, which is generally shortened to 4, [H A] 


Calculating the pH of Weak Acid Solutions 


You've already seen how to calculate the pH of a solution containing a 
strong acid. This was relatively easy because the acid completely dissoci- 
ated. That meant for every mole of acid, you generated a mole of hydrogen 
ions (for monoprotic acids). With weak acids, the process is not as simple, 
but you will notice that it is very similarto the calculations you did in the last 
chapter for K . We'll review the procedure using the equilibrium of acetic 
acid in water, shown below: 


HC,H,O, (aq) = H'(aq) + C,H,0, (aq) 


Ina0.10 M solution of acetic acid, HC,H,O,, what are the concentrations 
of hydrogen ion, Н“, and acetate ion, CH,O, ? Whatis the pH of the solution 
if K = 1.7 x 107? 

As you approach the problem, you need to think about what it is you are 
calculating. The solution is 0.10 M acetic acid solution. That means that 0.10 
mol acetic acid was dissolved in enough water to make 1.00 liter of solution. 
Some of that 0.10 mol has dissociated, however. Because we don't know 
how much, we have to determine the amount using the expression for К. 
This will allow us to determine the concentrations, and eventually the pH. 


We will begin by setting up a chart like the ones you used in the last chapter. 


HC,H,O,(aq) <=> H*(aq) + С,Н,О, (aq) 
HC,H,O, Ht CHO; 
Start 0.10 0 0 
A =x +x +x 
Finish 0.10- x X x 


In the calculations, we have omitted the self-ionization of water. Since the 
equilibrium concentration of hydrogen ion [НУ] is so small (1.0 x 1077, it is 
negligible compared to the molarity of the acetic acid. 

The next step is to substitute the values into the equation for К. 

4 - 
NNUS NE; 
Sea ee, KE d {X a E, 
^ [HC,H,0,] 0.10- x 

At this point, we need to consider a very important idea. As the equation 
stands, we need to use the quadratic equation to solve it. You're not going 
to want to spend your precious time on the AP exam (or even now) cranking 
out quadratic equations, so we're going to make an estimate. The only catch 
is that we always have to check to make sure that we can get away with the 
shortcut. The shortcut is to assume that the value for x is going to be so small 
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that subtracting it from 0.10 won't make a dent in it. For example, pretend 
that x is 0.00001. Subtract that from 0.10. You get 0.09999, which is 
essentially 0.1. So, we're going to forget about the x in the denominator of 
the fraction. When we have solved for x, we'll go back and see if we can get 
away with it. Our new equation is 


(xy 


1.7 x 105 = 
0.10 
We can rearrange this so that 
x=1.7x 10° 


and then solve for x by taking the square root of both sides 
x=13x 10° 


If we check back to our assumption, we see that 0.10 — x = 0.10 — 0.0013 
= 0.10; good enough! Now to finish the problem: 


х= [НУ] =[C,H,O,] = 1.3 x 102 M 


273 


Solving for pH, we use the pH equation: 
pH = -log[H*] = -log(1.3 x 10?) = 2.9 


You Try It! 

Propionic acid, HC,H.O, has a K, of 1.3 х 107. If you started with a 0.25 М 
solution, of propionic acid, what would be the concentrations of hydrogen 
ions, Н”, and propionate ions, C,H,O,. What would be the pH of the 


solution? 


Answer: 
[H+] = [C,H,O,] = 1.8 x 10? 


pH = 2.7 


Polyprotic Acids 


For polyprotic acids, the K, for the initial hydrogen ion is usually much 
higher than the K, for the second, or third hydrogen ions. For example, in 
phosphoric acid, H.PO , the value of K for the first hydrogen ion is 6.9 x 107. 
For the second ionization, the hydrogen will come off the H,PO, ion, and 
the K for this is 6.2 x 105. The third ionization, which converts HPO,” to 
H* and PO ^, has a K of 4.8 x 107", Just because there are three hydrogen 
atoms on phosphoric acid does not mean that all three will come off easily 
or that they will contribute to the acidic character of the substance. This 
example is fairly typical, and from it we will make a helpful generalization 
about polyprotic acids: when you want to determine the hydrogen ion 
concentration of one of these, use the K from the first ionization (sometimes 
referred to as K 1). The other values are so much smaller that they are 
negligible. 
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Base Equilibria 

So far, we’ve been looking at the equilibria of weak acids, from which we 
developed the acid-dissociation constant, К. There is a similar process for 
weak bases. Let's use the weak base, ammonia. In solution, ammonia 
establishes the equilibrium shown below: 


NH,(aq) + HO <> NH, (aq) + OH (aq) 


Following the same process we used to look at the equilibrium ofthe acid, 
let's set up the equilibrium constant expression for this reaction: 


[NH,* OH | 
* [№] 
Again, because the concentration of water is constant, we can say that 


K =K forthis reaction. If written ina generic format, where B is to represent 
the base, the equilibrium takes on the following form: 


B(aq) + H,O() => HB*(aq) + OH (aq) 
The base-dissociation constant, K,, is written as 
_ [ge [oH] 
BI 
The base-dissociation constant expression can be used to calculate the 


concentrations of ions just like the acid-dissociation expression. The prob- 
lem-solving strategy is identical. 


SALT SOLUTIONS 


If you remember from Chapter 10, we said that if an acid and base are mixed 
together, a neutralization reaction occurs that produces water and a salt. In 
this section, we are going to look a bit more closely at the salts that form in 
neutralization reactions (and salts in general). If you remember, a neutral- 
ization reaction takes the form: 


HA(aq) + BOH(aq) > H,O(I) + BA(aq) 


From this you can see that the cation from the salt comes from the base and 
the anion comes from the acid. Salts can act as Brénsted-Lowry acids or 
bases to produce solutions that are acidic or basic. The salts react with water 
in a reaction known as hydrolysis to yield either a conjugate acid and a 
hydroxide ion or a conjugate base and a hydrogen (hydronium) ion. If you 
know the origins ofthe components of asalt, you can make some predictions 
about the pH of the solution formed from a hydrolysis of a salt ion. 


Salts from Strong Acids and Bases 


To understand a little bit about how this works, look at the dissociation of 
hydrochloric acid, a strong acid. 


HCl(aq) + H,O() > H,O*(aq) + Cl (aq) 
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The reaction only goes in the forward direction (if any movement occurs 
in the reverse direction, the amount is so slight that it is negligible). This 
means that chloride ions are very weak bases, so weak that they can be 
thought of as having no basic character. In a similar reaction, look at the 
dissociation of sodium hydroxide, a strong base, 


NaOH(aq) + H,O(lI) > Na*(aq) + OH (aq) 


This reaction only goes in the forward direction. As a conjugate acid, 
sodium is completely ineffective. Now, put the two substances, НСІ and 
NaOH together, 


HCl(aq) + NaOH(aq) — H,O() + NaCl(aq) 


The salt formed, NaCl, is quite soluble in water, but we have just seen that 
neither of the ions is capable of behaving as an acid or a base. As a result, 
a solution of salt water (made by dissolving sodium chloride in water) has 
a neutral pH. 

Salts created from the conjugates of strong acids and bases will produce 
neutral solutions. 


Salts from Strong Acids and Weak Bases 


Youalready know thatthe conjugate base ofa strong acidis extremely weak. 
The conjugate acid of a weak base, however, is relatively strong. Therefore, 
the conjugate ion from the weak base will hydrolyze to produce an acidic 
solution. The weaker the base, the stronger the conjugate acid will be. An 
example would be NH,CI. The NH * ion, the cation from a base, hydrolyzes 
water as shown below: 


NH,*(aq) + H,O() => NH,(aq) + H,O*(aq) 


Salts from Weak Acids and Strong Bases 


From the first example, we know that the conjugate acids of strong bases are 
weak. The conjugate bases of weak acids, however, are relatively strong. 
Therefore, the anions from the weak acids will hydrolyze water to form basic 
solutions. An example would be NaC,H.O,. The acetate ion, the anion from 
the weak acid, hydrolyzes water as shown below: 


C,H,O, (aq) + HOW) => HC,H,O (aq) + OH (aq) 


Salts from Weak Acids and Weak Bases 


This one is not as clear-cut as the others. Both species will hydrolyze water. 
The question here is which one will do it more? The only way to really 
predict the nature of the solution is to look at the K of the cation and the K, 
of the anion. If K is bigger, the solution will be acidic, but if К, is bigger then 
the solution will be basic. 
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NOTE 
The weaker the 
acid, the stronger 
the conjugate 
base. 


(Equation 13.9) 
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THE RELATIONSHIP BETWEEN K, AND K, 


In the previous section, you saw further evidence of the relationships 
between acids, bases, and their conjugates. The relationship between acids 
and their conjugate bases and bases and their conjugate acids will allow us 
to better see another relationship between K, and K,. If you consider the 
acetic acid equilibrium again, 


HC,H,O,(aq) > H*(aq) + С,Н,О (ад) К 21.7 x10? 


Next, consider the hydrolysis of water by acetic acid's conjugate, the 
acetate ion, 


C,H,O,(aq) + Н,О@) => HC,H,0,(aq) + OH (aq) 


Whatif you wanted to calculate the Kb for this equilibrium? As it turns out, 
you don't have to. There is a relationship between these two expressions that 
may not have been obvious when you looked at them in this way. If we place 
them on top of one another, you might see something different: 


HC,H4O (aq) <> H*(aq) + C,H,O, (aq) 


C,H,O, (aq) + Н,О@) <> HC,H,O,(aq)* OH (aq) 
If you add the two equations together, you will find that the net equation is 
HOU <> H*(aq) + OH (aq) 


Perhaps you recognize this equation from the beginning of the chapter. If 
you don't, it is the equation for the self-ionization of water, from which К, 
was derived. What you've now seen are three equations. The first is an 
equation that would be used to calculate the К of acetic acid. The second is 
the equation used to calculate K, for the conjugate base. The third, which is 
derived from these two, is the formula for calculating К. There is a very 
clear relationship between К, K,, and K „ The three constants are all related 
in equation 13.9, shown below: 


K =KK 


a b 


If you wanted to determine K, for the acetate ion, you could use the K, of 
its conjugate acid, acetic acid. The К of acetic acid is 1.7 x 10>. 


K, L0x10 | 
К= к = l17x105 = 5.9 x 10? which makes acetate a pretty weak base. 
You Try It! 


HF is a fairly weak acid with a K, of 6.8 x 104. What is the К, for the F- ion? 


Answer: 1.5 x 1071! 
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THE COMMON-ION EFFECT 


You will see this topic appear twice, once in this chapter and once the next 
chapter. For now, you will see how this phenomenon affects acid-base 
equilibria. In the next chapter, you will see its effects on solubility equilibria. 
The common-ion effect is not too different from what its name suggests. If 
you have an equilibrium system and add a solute to it that contains one of the 
ions in the equilibrium, it will cause the equilibrium to shift. That is the 
common-ion effect (common because the solute has anion in common with 
the equilibrium system). From a conceptual standpoint, this can be ad- 
dressed using Le Chátelier's principle. For example, consider our favorite 
equilibrium system below: 


HC,H,0,(aq) =» H*(aq) + C,H,O, (aq) 


Wecanadda couple of different things to the mixture that will affect it and 
demonstrate the common-ion effect. One of them would be sodium acetate, 
NaC,H,O,. Another would be hydrochloric acid. Think about this for a 
moment, keeping in mind Le Chátelier's principle. If sodium acetate is 
added to the mixture, it will dissociate into sodium ions and acetate ions. The 
increase in concentration of the acetate ions will drive the reaction to the left, 
which will further inhibit the dissociation of acetic acid. Adding hydrochlo- 
ric acid will have the same effect because it will increase the concentration 
of protons, which will also drive the reaction to the left. Sodium acetate and 
hydrochloric acid have two features that allow them both to cause the 
common-ion effect to occur. First, they are both strong electrolytes, and 
second they each have an ion in common with the acetic acid equilibrium. 
These are the key ingredients that cause the common-ion effect. 


Quantitative Treatment of the Common-lon Effect 


Having a conceptual understanding of the effect is a good starting point, but 
we still need to be able to understand the quantitative relationships between 
the different components in the equilibrium mixture. In this section, we will 
see how to deal with the common-ion effect in acid-base equilibrium 
problems. You will find that these problems are very similar to the weak acid 
problems earlier in the chapter. 

In this sample, we will see what happens when we make a solution that 
contains both acetic acid and sodium acetate (which was used in our 
previous example). Suppose you make a solution that contains 0.30 mol 
HC,H,O, and 0.30 mol NaC,H,O, dissolved in 1.00 liter of solution. Let's 
compare the pH of this sample to the pH of a solution that only has 0.30 mol 
HCH,O,. If the conceptual explanation in the last section is valid, we should 
predict that the pH ofthe solution with the sodium acetate will be higher (less 
acidic) than the acetic acid-only solution. To begin, let's set up the equation 
for the equilibrium reaction: 


HC,H,O,(aq) + HO) — H,O*(aq) + C,H,O, (aq) 
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There are a few things that you need to pay attention to as you set this 
problem up. First, the sodium need not be written in the equation because it 
doesn't do anything (it's a spectator). Second, unlike the previous weak acid 
problems, these problems aren't starting out with no products. The common 
ion in this reaction is the acetate ion, which is a product of the acetic acid 
dissociation. When you set up your chart, you need to include all amounts 
of all substances present at the start of the reaction. We're going to omit 
water in our chart because it is not part of the equilibrium expression. 

Let's make the chart. 


HC,H4O (aq) + <> H,O*(aq) + CHO, (aq) 


2:372 


HC,H,O, H,O* CHO, 
Start 0.30 0 0.30 
^ -X TX TX 


Finish 0.30 -x x 0.30 +x 


At this point, you are ready to plug these values into the К expression. We 
saw earlier in the chapter that the К, for acetic acid was 1.7 x 107. 
" [H,0* [c; 8.0, | ere x(0.30 + x) 
= : 7x 10° = — ——— 
“ [HC;H,0, | 0.30- x 
Like the previous problems, we are going to assume that xis small enough 
that adding or subtracting it from or to 0.30 will make an insignificant 
difference. That will allow us to solve for x. 


PEE EIE 
„хе SS Wa 
1.7x10? zx 


If we check our earlier approximation, we see that 0.30 — 1.7 x 10? 2 0.30 
so we can go with that. 

Substituting our x back into the equation for the [H,O*] (which we have 
to do to get the pH), we get [H,O*] = 1.7 x 107. 

If we use this hydronium ion concentration, we can determine the pH: 


pH = -log[H,O'] = -log(1.7 x 10°) = 4.77 


Now, let's compare that to the pH of a 0.30 M solution of acetic acid. 
Because you have already done this type of calculation, we'll just show the 
set-up and solution with no further explanation. 


HC,H4O (aq) <> H*(aq) + C,H,O, (aq) 

HC,H,O, H* C,H,O, 
Start 0.30 0 0 
A х TX TX 
Finish 0.30 -x X x 
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pe [H,0*||C.H,0, | 


ў 1.7 X10? = — — 
[HC;H,0, | 0.30- x 

2 

12x105- EL 

0.30 


х= (1.7 x10? (0.30 
( (0.30) 
x = [H,O] = 2.26 x 10° 


pH = -log[H,O*] = -log(2.26 x 10°) = 2.65 


So, by adding sodium acetate to the solution, the pH of the acetic acid 
solution changed from 2.65 to 4.77. This was caused by the addition of a 
commonion from astrong electrolyte and behaved according to Le Châtelier’ s 
principle. 

This same process can be seen in bases. Consider the equilibrium of a 
weak base ionization, as shown below 


NH (aq) + H,O() = NH,*(aq) + OH (aq) 


The addition of a strong electrolyte containing either an ammonium ion 
(МН) ога strong base (containing OH ) will shift the equilibrium to the left. 
It will also shift pH in the other direction, which will make the basic pH 
less basic. 


BUFFERS 


The term “buffer” is usually used to describe a buffered solution, which is 
a solution that resists changes to pH when acids or bases are added to it. You 
know enough chemistry right now to know that there are limits to the amount 
of acid or base that a solution can buffer. You can probably imagine that a 
100 ml beaker of buffered solution won’t be much good if you mix it with 
a liter of concentrated hydrochloric acid! The amount of acid of base that a 
buffered solution can “handle” before appreciably changing pH is known as 
the buffer capacity. The purpose of this section is to review the nature of 
buffers and how this relates to the buffer capacity. 

What you saw in the last section was an example of how the presence of 
certain ions in solution can regulate the pH of a system. In the acetic acid/ 
sodium acetate example, we started with a weak acid and then added a salt 
containing the conjugate base of the weak acid to the solution. This pairing 
of the weak acid and the conjugate base modified the pH of the solution. This 
is the principle behind buffered solutions. If an acid was added to the 
solution containing the acetic acid/acetate conjugates, the hydronium ions 
from the acid would combine with the acetate ions to form more acetic acid. 
So, what should have amounted to an increase in hydronium ions in the 
solution was foiled by the acetate ions. 

The ability to drive the reaction to the left, and thereby remove the 
hydronium ions from solution, hinges on two factors. First, there has to be 
enough of the conjugate base to combine with the acid. Second, the K of the 
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acid has to be small enough that the reaction doesn't move quickly to the 
right. In other words, when the protons combine with the conjugate base, 
they will remain that way (the acid is weak enough that it does not readily 
ionize). 

In abasic solution, the principle is similar. The conjugate acid of the weak 
base combines with excess hydroxide ion to drive the reaction toward the 
weak base. The same factors govern the process: the amount of the conjugate 
acid and the K, of the base. 

Buffers can be made that will resist changes to pH by acids and bases. To 
illustrate this, let’s look at an example of a buffer that is composed of HX, 
a weak acid, and X-, the conjugate base of the weak acid. Normally, the 
solution would exist in equilibrium as shown below (water has been omitted 
to make the relationships more obvious): 


HX(aq) => H*(aq) + X (aq) 


When you look at this equilibrium, though, you have to remember that the 
acid has been spiked with a salt that will increase the concentration of X" to 
much higher levels than would normally be found (from the dissociation of 
the acid). That means that the concentration of H* ions is relatively much 
smaller than the concentration of X-. If an acid is added to the mixture, the 
equilibrium will be shifted to the left as excess hydrogen (hydronium) ions 
combine with the conjugate base: 


HX(aq) . — H'(aq) + X (aq) 


The disproportionate arrow sizes indicate that the reaction is moving 
much more to the left after an acid is added. If a strong base is added instead 
of an acid, the hydroxide ion in the base will react with the acid in a 
neutralization, as shown below: 


OH (aq) + HX(aq) => H,O(/) + A (aq) 


The amount of acid or base that a buffer is able to neutralize before 
changing pH, the buffering capacity, is related to the amount of weak acid/ 
conjugate base or weak base/conjugate acid present in the buffer solution. 
The greater the concentration of the conjugate pairs, the more resistant to a 
change in pH the buffer will be. In the next section, we'll look at some 
quantitative aspects of buffer solutions. 


Quantitative Aspects of Buffers 


On the AP exam, acid-base questions appear on a regular basis, and buffer 
calculations are among the most common of those questions to pop up. One 
of the things you are expected to be able to do is calculate the pH of a buffer 
solution, and though you may not realize it yet, you have already done this 
calculation. In the previous example of the common ion effect, when you 
calculated the pH of the solution made with the 0.30 M acetic acid and the 
0.30 M sodium acetate, that was a buffer solution. That is the first type of 
buffer calculation you are expected to know. The second type of calculation 
is to determine the effect of adding a strong acid or base to a buffer, and the 
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third type is to determine how to prepare a specific buffer. Let's take the 
second type of problem now, where you will see how to calculate the effect 
of adding a strong acid or base to a buffer solution. 

As long as we already have mixed up a batch of the acetic acid/sodium 
acetate buffer, we might as well use it. We'll set up two different reaction 
vessels. To the first one, we will add 0.01 mol of gaseous HCl, and to the 
second we'll add 0.01 mol of solid NaOH. 


Vessel 1: Addition of a strong acid, HCl, to a buffer solution 

Two things are going to occur in the vessel, and solving the problem 
requires you to look at both. First, the acid will immediately dissociate into 
Н+ ions and Cl ions. Second, we will assume that the H+ from the НСІ will 
react completely with the acetate ion. This has an important implication for 
our starting conditions. If we make these two assumptions, then the starting 
concentration of acetate, C.H. O, , will be (0.30 – 0.01) = 0.29 M because it 
reacts with the H* from hydrochloric acid. This reaction forms acetic acid, 
so the amount of acetic acid in the solution will increase after the addition 
of hydrochloric acid to (0.30 - 0.01) 2 0.31 M. Inthe next part of the problem, 
we need to look at the effect of the ionization of acetic acid, which requires 
the use of an equilibrium calculation. 


HC,H4O (aq) > H*(aq) + C,H,O, (aq) 
HC,H,O, H* C,H,O, 
Start 0.31 0 0.29 
A х TX +x 
Finish 0.31 -x x 0.29 +x 


[н,о“[с,н,о, | 


K = ; 17х 1055 = x(0.29 + х) 
и [HC,H,0, | 0.31- x 
Assuming x is much smaller than 0.31 or 0.29, 
ГА 0.29х 
Е и 
(1.7x107)0.31 
x= + _ 248x103 


0.29 


Substituting this for x, we see that H* = 1.8 x 10°. 
Therefore, we can use this value to calculate the pH of the solution, 


pH = -log[H*] = -log(1.8 x 10?) = 4.74 


If you recall from the earlier problem, the pH of the solution prior to the 
addition of the HCl was 4.77. 
If you had added 0.01 mol НСІ to pure water, the pH would have been 


pH = -log[H*] = -log(0.01) = 2.0 


Quite a bit different! 
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Vessel 2: Addition of a strong base, NaOH to a buffer solution 

In this example, we're adding 0.01 mol NaOH to the buffer solution. 
Before we begin with the math, let's consider what is going to happen in the 
vessel. Right after the sodium hydroxide is added, it will dissociate com- 
pletely into sodium and hydroxide ions because itis such a strong electrolyte 
and a strong base. We are also going to assume that the hydroxide ions react 
completely with the acetic acid to yield water and acetate ions. This will 
cause an increase in the concentration of acetate ions at the expense of a 
decrease in the concentration of acetic acid. The setup will be the opposite 
of the addition of acid. Let's begin the calculation with an equilibrium 
calculation: 


HC,H4O (aq) <> H*(aq) + C,H,O, (aq) 
HC H,O, H* CHO; 
Start 0.29 0 0.31 
A -xX +x +x 
Finish 0.29- x x 0.31 +x 


Make sure you aren’t getting mixed up about the changing concentrations 
of the buffer constituents and the signs in the A column. The change in 
concentration that occurs because of the addition of strong acid or base takes 
place in a separate reaction to the one in the equilibrium calculation table. 
The effects of these changes are reflected in the different amounts in the 
"start" row of the table. The other events shown in the table only describe 
the equilibrium of the acetic acid solution, which will always increase the 
concentration of acetate ion. 

With that out of the way, let's finish the calculation. Set up the expression 
of K to solve for x. 


[H,0*||C,H,0,"| | 17х105= x(0.31 a x) 


K = 
: [HC,H,0, | 0.29- x 
Assuming x is much smaller than 0.31 or 0.29, 
T 0.31x 
Missi" 
(1.7 x107)o.29 
x= +—__+1_— =1.60x 10? 


0.31 
Substituting this for H*, we find that the pH of the solution is 


pH = -log[H*] = -log(1.60 x 10?) = 4.80 


As you can see, the buffer solution maintained the pH within a relatively 
small range. The buffer solution only has a pH of 4.77, the buffer with НСІ 
was 4.74, and the buffer with NaOH was 4.80. All of these were only slight 
changes in the pH. 
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Henderson-Hasselbalch Equation 


This equation is used to directly calculate the pH of a buffer without using 
an equilibrium calculation. It is important that you know how to do 
equilibrium calculations before you use this equation. The equation makes 
the calculation much faster, but there are frequently conceptual questions 
about acid-base equilibria that require a solid understanding of the topic. 
Therefore, make sure you truly understand what you are doing before using 
this calculation. The problems that use the Henderson-Hasselbalch equation 
can be solved using equilibrium calculation tables as well. 

So what is this equation? Let's take a moment to show the derivation, so 
it will make more sense to you. We'll begin with the formula for K, that 


we've been using: 
_[ҥ']А | 


K,= [HA] 
If we rearrange this equation, we can solve for [H*]. This will allow us to 
later use it to calculate pH. 


[HA] 


[H] =K, [^] 

Before going onto the next step, we need to look at a new variable. So far, 
you've learned about pH and pOH. Remember, these were obtained by 
taking the -log of ће [H*] and [OH ], respectively. Here, we're going to 
introduce two new terms: pK , and pK,. These terms are used to describe the 
К and К, in small, positive numbers, rather than very small exponents 
(much like the pH values of 0-14 represent the small [H*] ion amounts of 
1 —1 x 107^). pK is calculated as the -logK , and pK, is the -logK,. You 
will need these terms to understand the rest of the derivation, which we'll 
continue now: 

We can take the negative log of both sides of the equation to reveal a 
familiar relationship 


[HA] 


-log[H*] = -log К, [A] 


If we substitute pH for -log[H'], and factor the right side, we end up with: 
[HA] 


pH = -logK, – log ES 


A careful look at this expression should reveal the value for pK, that we 
mentioned earlier when we showed that pK = —logK . If we substitute that 
and add the log, we get 

A^ 
pH = pK, + log [HA] 

This equation is known as the Henderson-Hasselbalch equation and is 
provided for you on the AP formula sheet. You can use it to calculate the pH 


(Equation 13.10) 
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of abuffer. There is a similar form of the equation that is rewritten to address 
the hydroxide ion concentration: 
[s+] 
pOH = pK, + log [B] 


where B is the base and HB* is the protonated base. 

To show how the equation is used, let's use the previous calculation to 
show how the equation could have been used instead of the equilibrium 
calculation method. 

If you recall, we were using a buffer that was composed from 0.30 mol 
HC,H,O, and 0.30 mol NaC,H,O, dissolved in 1.0 liter of solution. The K, 
of acetic acid is 1.7 x 10°. Using the Henderson-Hasselbalch equation to 
determine the pH, we get 

[A] _ 0.30 
рН=рК + log Fraa [HA] ^ = -log(1.7 x 10°) + (930 2) = 4.77 


The equation to determine the pH after addition of the acid would become 
Н=рК +1 E log(1.7 x 10°) +1 222). 4.74 
рп =p at ° THA] ^ = —log( x у + og 0.31 * 


Theequation to determine the pH after addition ofthe base would become: 
H 1 = log(1.7 x 10%) +1 (os = 4 
pH = pK, + log rr [HA] = = -log(1.7 x 10?) + log 0.29 .80 


All three produced identical answers to the equilibrium calculation tables 
that we used. 


ACID-BASE TITRATIONS 


An acid-base titration is a procedure that is used where a base of known 
concentration is added to an acid of unknown concentration (or vice-versa) 
in order to determine the concentration of the unknown. In addition, it is 
possible to determine the K, of the acid being titrated (or K, of the base) as 
well as an appropriate indicator. Acid-base titrations are often the topic of 
AP exam questions and are frequently used in the laboratory questions. You 
should know about titrations from a conceptual level, be able to perform 
calculations for titrations, and know how to properly perform one in the 
laboratory. We'll begin with the conceptual explanation of titrations. 

There аге a few main types of titrations: 1) a strong acid titrated with a strong 
base (or a strong base titrated with a strong acid); 2) a weak acid titrated with 
astrong base; 3) a weak base titrated with a strong acid; and 4) a polyprotic acid 
titrated with a strong base. Each one of these produces characteristic results and 
will need to be discussed separately. For the solutions of weak acids and bases, 
the process is complicated by ће common-ion effect. 
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Strong Acid with a Strong Base 


One of the most common titrations of this type is the titration of hydrochloric 
acid, НСІ, with sodium hydroxide, NaOH. If you remember from Chapter 
10, this is a neutralization reaction. However, you should also remember 
from Chapter 11 that in order for a complete neutralization to occur, the 
reaction must use appropriate stoichiometric ratios. When we first look at 
the process, we will do so with two solutions of known concentration, but 
you will see that this process can be used to determine the concentration of 
one of the solutions. 

The way that this procedure is typically done is to obtain a sample of strong 
base that has been standardized (the exact concentration determined) and 
place it into a buret. Frequently, questions appear on the test that deal with 
the procedures for titrations. One procedural question that has come up more 
than once involves the cleaning of the buret prior to the titration. After 
thorough cleaning with water and distilled water, the buret should be rinsed 
with the solution that is going in it. This is done by running several small 
amounts of the solution through the tip prior to the titration. This assures that 
the concentration of every drop in the buret is constant. The base is slowly 
added to the acid and the pH is recorded after the additions. In most modern 
high school labs, the pH is constantly being recorded with a digital pH meter 
or a computer probe. 

The purpose of determining the pH is to create a titration curve for the 
reaction. A titration curve is a graph of the pH plotted against the amount of 
titrant (what's in the buret). Figure 13.5 shows the titration curve for a strong 
acid titrated with a strong base. With digital pH meters, this plotting must be 
done by hand, but with computer probes, the computer usually plots the 
curve while you are performing the titration. 

Hopefully you have had the opportunity to do titrations in your laboratory, 
but if you haven’t (or if you were lost while you were trying to do them!), 
here’s a little refresher. During the initial stages of the titration, there is very 
little change in pH. You add relatively large amounts of base to the flask or 
beaker containing the acid, and the pH increases only slightly. However, 
almost all at once, the pH sharply rises from a low, acidic pH to a high, basic 
pH. The graph goes straight up at this point and the stoichiometric amounts 
of acid and base are equal. This point is known as the equivalence point of 
the titration. In this titration, at the equivalence point, the pH of the solution 
is 7.0. Remember HCl and NaOH react to form water and NaCl. Since 
neither Na* nor Cl can hydrolyze water, the pH is completely neutral, or 7. 
The typical procedure is to use an indicator solution that will change colors 
during this time of the titration. Once the equivalence point is passed, the 
solution quickly becomes basic because all of the excess H* ions from the 
НСІ have combined with OH-. Subsequent additions of sodium hydroxide 
will create an excess of OH. 
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The titration curve for a strong acid with a strong base look like the one 
in Figure 13.5, and you should be familiar with the shape. If you plotted the 
curve for a strong base being titrated with a strong acid, the curve would be 
a mirror image of Figure 13.5—the curve would start with a high pH and 
gradually slope downward until at the equivalence point, it would drop 
sharply to an acidic pH and then continue its gradual descent. 


pH 


© — кю шо Ь& л DN co 


Equivalence point 


mL NaOH 


Figure 13.5 


Weak Acids with Strong Base 


For weak acids being titrated with a strong base, there are three main 
differences in the titration. The first is that the pH at the beginning of the 
titration is higher simply because the acid is not as strong as a strong acid. 
As with strong acids, the pH rises slowly at first and then begins to rise 
quickly near the equivalence point. However, near the equivalence point, 
when the change becomes most rapid (vertical on the titration curve), the 
range of pH values is much smaller than the range for a strong acid/strong 
base pairing. For the third main difference, the pH at the equivalence point 
is not 7. 

The main reason for the unusual behavior is the composition of the weak 
acid. The conjugate base of the weak acid creates a buffering effect. As the 
hydroxide ions from the base react with the acid, the concentration of the 
conjugate base increases. When the base has reacted with all ofthe hydrogen 
ions from the acid, the solution contains an excess of the conjugate (salt). If 
you recall from the previous section, the conjugate base of a weak acid will 
hydrolyze water to create a basic solution. So, instead of being neutral at the 
equivalence point, the pH will be basic. Adding additional base will only 
enhance this effect. 

For the titration of a weak base with a strong acid, the effect is fairly 
similar. The main difference is that the pH will be lower than 7 at the 
equivalence point. As the hydrogen ions in the acid neutralize the hydrox- 
ide from the base, the concentration of the conjugate acid from the base 
will increase. If you recall, the conjugate acids of weak bases will 
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hydrolyze water to create acidic solutions. This will cause the pH at the 
equivalence point to be acidic. Addition of further acid to the mixture will 
enhance this effect. 

Of considerable difference with the titrations of weak acids and weak 
bases are the buffering effects of the conjugate salts. The titration curves all 
contain a buffering region near the equivalence point where most of the 
solution consists of the conjugate base (for a weak acid titration; a conjugate 
acid for a weak base titration): 


pH 


mL NaOH 


Figure 13.6 
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Summary: Acids and Bases 


Arrhenius acids increase the concentration of H* ions in solution, while 
Arrhenius bases increase the concentration of OH- in solution. The 
strongest acids and bases are Arrhenius acids and bases. 


Brgnsted-Lowry acids donate protons in solution. Brgnsted-Lowry 
bases accept protons in solution. The definitions for Brgnsted-Lowry 
acids and bases are more broad and allow for the consideration of many 
more substances than either of the other two definitions. 


When a Brgnsted-Lowry acid donates a proton, the remaining anion is 
known as a conjugate base. When a Brénsted-Lowry base accepts a 
proton, the protonated base is known as a conjugate acid. 


Strong acids and bases ionize completely in solution, while weak acids 
and bases partially ionize. The partial ionization of weak acids and bases 
creates solutions in which an equilibrium is established. 


Lewis acids are substances that form a covalent bond by accepting an 
electron pair from another substance. 


Lewis bases are substances that form a covalent bond by donating an 
electron pair to another substance. 


The pH scale consists of a range of values from 0-14 that describe the 
concentration of hydrogen ions in a solution. The equation used to 
calculate pH is pH = -log[H*]. 

The neutral pH of 7 is based on the fact that water self-ionizes to form 
hydronium (hydrogen) ions and hydroxide ions in equal amounts. The 
concentration of these ions is equal to 1.0 x 1077, which corresponds to 
a pH of 7. 


The concentration of hydroxide ions can be expressed using pOH 
values. 


The hydrogen ion concentration of weak acids must be determined by 
considering the equilibrium concentrations of allionsin the equilibrium 
mixture. 


K isthe term used as the equilibrium constant for weak acid equilibria. 
K, is the term used as the equilibrium constant for weak base equilibria. 


The salts of strong acids and strong bases produce neutral solutions. 
Salts from strong acids and weak bases yield acidic solutions, while salts 
from weak acids and strong bases yield basic solutions. 


The common-ion effect is observed when an equilibrium system is 
disrupted by the addition of a salt containing one of the ions in the 
equilibrium mixture. The effect of this addition, as predicted by 
Le Chátelier's principle, is to shift the equilibrium away from the 
common ions. 
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* Buffer solutions are created by pairing a weak acid with a salt of its 
conjugate base ora base with a saltofits conjugate acid. Buffer solutions 
maintain a relatively stable pH when small amounts of acids or bases are 
added. 


* Anacid base titration is a procedure that is typically used to determine 
the concentration of an unknown acid or base solution. In a titration, a 
strong or base or known concentration is added to a base or acid of 
unknown concentration. An indicator solution is typically utilized to 
mark the equivalence point, or the point at which the stoichiometric 
amounts of acid and base are equivalent. 
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REVIEW QUESTIONS 


Multiple Choice 


1. A molecule or an ion is classified as a Lewis base if it 
(A) donates a proton to water. 
(B) forms a bond by accepting a pair of electrons. 
(C) forms a bond by donating a pair of electrons. 
(D) accepts a proton from water. 


(E) has resonance Lewis structures. 


2. What is the H*(aq) concentration in 0.05 M HCIO (aq) ? (The K, for HCIO 
is 3.0 x 10%) 


(A) L5 x 10? 
(B) 2.5 x 107? 
(C) 3.9 x 10? 
(D) 3.9 x 10° 
(Е) 3.9 x 10? 


3. А 50.0 mL sample of 0.15 M NaOH is added to 50.0 mL of 0.10 M Ba(OH),. 
What is the molar concentration of OH (aq) in the resulting solution? 
(Assume that the volumes are additive.) 


(A) 0.10 M 
(B)0.13M 
(С) 0.18 M 
(D) 0.36 M 
(E) 0.55 M 


4. A bottle of distilled vinegar purchased at a supermarket was titrated with a 
0.50 M NaOH solution to determine the content of acetic acid, HCjHO,. For 
20.0 milliliters of the vinegar, 24.0 milliliters of 0.50-molar NaOH solution 
was required. What was the concentration of acetic acid in the vinegar if no 
other acid was present? 


(A) 1.60 M 

(B) 0.800 M 
(C) 0.600 M 
(D) 0.400 M 
(E) 0.250 М 
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5. HCN(aq) + HOU) => H,O*(aq) + CN (aq) 


In the equilibrium represented above, the species that act as bases include 
which of the following? 


L CN 

П. H,O 

Ш. HCN- 
(A) II only 
(B) M only 
(C) Land II 
(D) I and III 
(E) II and III 


6. What volume of 0.150-molar НСІ is required to neutralize 25.0 milliliters of 
0.120-molar Ba(OH),? 


(A) 20.0 mL 
(B) 300 mL 
(C) 40.0 mL 
(D) 60.0 mL 
(E) 80.0 mL 


7. For oxoacids that vary only by the number of oxygens (i.e., HAO, HAO,, 
HAO,), which of the following occurs as the number of oxygen atoms 
increases? 


(A) It is impossible to predict the acid strength. 

(B) The strength of the acid increases. 

(C) The strength of the acid decreases only if A is a nonmetal. 
(D) The strength of the acid decreases only if A is a metal. 


(E) The strength of the acid decreases whether A is a nonmetal or a metal. 
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Questions 8—10 refer to the following diagrams: 


14 

13 

12 

11 

10 
9 
8 

T 7 Equivalence point I 
a 
6 
5 
Loi II. 
3 
2 
1 
М mL NaOH 
mL NaOH 
= x 
r с. 
Ш. IV. 
mL НСІ mL NaOH 


8. Could represent the titration curve of HC,H,O, 
(A) I 
(B) II 
(C) Ш 
(D) IV 


(E) None of the graphs are an accurate representation. 


9. Could represent the titration of a polyprotic acid 
(A) I 
(B) П 
(CO) III 
(D) IV 


(E) None of the graphs are an accurate representation. 
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10. Could represent the titration of NH, 
(A) I 
(B) II 
(C) M 
(D) IV 


(E) None of the graphs are an accurate representation. 


Questions 11 and 12 refer to aqueous solutions containing 1:1 mole ratios of the 
following pairs of substances. Assume all concentrations are 1 M. 


(A) NH, and NH.CI 
(В) HC,H,O, and NaC,H,O, 
(C) НСІ and KCI 

(D) KOH and NH, 

(E) NH, and HCI 


11. Represents an acidic solution that is not a buffer 


12. Represents a buffer at pH « 7 


Free Response 


Question 1 

(A) 4.60 g of formic acid, HCHO,, is mixed with enough pure water to 
create 1.00 liters of solution. К, for formic acid is 1.7 x 10+. Calcu- 
late the pH of the solution. 

(B) 100 mL of 0.1 M HCI solution is mixed with 100 mL of the formic 
acid solution described in part (A). Calculate the [H,O*] of the 
resulting solution. 

(C) A new solution was mixed with 0.10 mol of formic acid, HCHO,, and 
0.15 mol of sodium formate, NaCHO,, dissolved in enough water to 
make 1.00 liter of solution. What is the pH of the resulting solution? 

(D) If 0.005 mol НСІ is bubbled through 1.00 liter of the solution de- 
scribed in part (C), what is the pH of the resulting solution? 
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Question 2 
А 50.00 mL sample of 0.25 M benzoic acid, HC. H;O,, is titrated with 0.199 
M NaOH solution. The К, of benzoic acid is 6.3 x 10°. 
(A) What is the pH, pOH, and [H,O*] of the benzoic acid solution prior to 
the titration? 
(B) How many milliliters of NaOH are required to reach the equivalence 
point? 
(C) What is the pH of the solution at the equivalence point? 
(D) Which of the following would be the best indicator to use for this 


titration? 
Methyl red K 21x10? 
Cresol red K =1x10% 
Alizarin yellow K 21x10! 


Justify your response. 
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Multiple Choice 
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1. The correct answer is (D). By definition, Lewis acids donate protons to form 
chemical bonds, and Lewis bases accept protons to form chemical bonds. 


2. The correct answer is (D). The following equilibrium calculation table can 
be constructed: 


HClO(aq) > H*(aq) + CIO-(aq) 
HCIO H* C10- 
Start 0.05 X x 
A -xX +x +x 
Finish 0.05 -x +x +x 
[H* [cio] (х)(х) | x 
= нао] :20<10 = (905-1) (005-3) 


x= ,|0.05(3.0x10) 23.9 x 107. 


Double-checking the shortcut, 0.05 – 3.9 x 10? = 0.050; we were justified with 
the assumption that x could be disregarded. 


3. The correct answer is (C). The total [OH ] of the solution will equal the 
hydroxide ion concentration of NaOH, added to that of Ba(OH),. The biggest 
misleading factor here is that the barium hydroxide will donate two hydroxide 
ions to solution. That means the problem will be solved as: 


(0.050 L NaOH)(0.15 mol NaOH/1.00 L) + 
(2 mol OH-/mol Ba(OH),)(0.050 L Ba(OH),)(0.10 mol Ba(OH),/L) = 
0.0175 moles OH- 


Don’t forget the last step: You only have 100 mL so (0.0175 mol OH)/0.10 L 
solution = 0.18 M 


4. The correct answer is (C). At the equivalence point, the amount of hydroxide 
from the base is balanced with the H* of the acid. This can be determined using 
the equation below: 


(0.50 M NaOH)(0.024 mL) = 0.012 mol NaOH 


0.012 mol NaOH = (0.020 mL)[H*] 
[H*] = 0.60 M 
5. The correct answer is (C). Bases in this reaction would be considered the 
substances that are accepting protons (Brgnsted-Lowry definition). In the 
forward reaction, H,O receives a hydrogen to become a hydronium ion. In the 
reverse reaction, CN receives a proton to become HCN. HCN donates a proton, 
which makes it an acid. 
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6. 


10. 


11. 


12. 


The correct answer is (C). Neutralization will occur when the number of 
moles of hydrogen ions added to the base equals the number of moles of 
hydroxide ions present in the base. The trick in this question is that barium 
hydroxide dissociates to form two moles of hydroxide ion per mole of Ba(OH),. 
The calculation would look as follows: 


(0.150 mol/L HCI(X L) = 
(0.120 mol/L Ba(OH),)(2 mol OH-/mol Ba(OH),)(0.025 L Ba(OH),) 


x = 0.040 L = 40.0 mL 


. The correct answer is (B). For oxoacids, as the number of oxygen atoms 


attached to atom A in the molecule increases, it becomes easier to remove the 
proton. This will increase the acidity of the oxoacid. 


. The correct answer is (B). The curve shown as choice I is the most like a weak 


acid. The characteristics that differentiate it from a strong acid are the slight 
initial increase in pH at the initial addition of base and the elongated region prior 
to and after the equivalence point. This is where the conjugate base exhibits a 
buffering effect. 


. The correct answer is (D). Polyprotic acids display more than one equiva- 


lence point. The diagram in IV is a typical example of a polyprotic acid. 


The correct answer is (C). Choice III is the only possible base among four 
choices, making it the only possible answer. It is also representative of a weak 
base because of the initial drop in pH and the elongated regions around the 
equivalence point. 


The correct answer is (C). HCl is a very strong acid, which means that the 
chloride ion is a very weak conjugate base. This means the solution is not a 
buffer solution. The potassium chloride is really a distracter in this question. 
Although СГ is present in each salt, the common-ion effect is only seen in 
equilibrium systems. The reverse reaction for the dissociation of either of these 
two would be so slight it would be negligible. However, because KC] does 
nothing to neutralize the acid, the solution would be both acidic and not a buffer. 


The correct answer is (B). In this answer, the common-ion effect is seen with 


the addition of sodium acetate. The HC,H,O,/C,H,O, equilibrium creates а 
buffer, which is also acidic. 
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Free Response 


Question 1 
(A) pH = 2.4 In order to calculate pH, you must know the [Н+] concentra- 
tion. The K expression will allow you to determine the [H*] if you 
know the concentration of HCHO,. In order to solve this problem, you 
need to determine the molarity of the formic acid and then use this 
value to calculate the [H*] and, ultimately, the pH. The calculation 


proceeds as follows: 


1 mol HCHO, 
4.60 g HCHO, x 46.0 g HCHO, = 


0.10 mol HCHO, in 1.00 liters solution = 0.10 M. 


HCHO,(aq) <> H*(aq) + CHO, (aq) 
HCHO, H* CHO, 
Start 0.10 mol 0 0 
A -xX +x +x 
Finish 0.10 -x +x +x 


[н*[сно,] ‚_ (0.10)(x) _ 0.10x 
К,= [нсно,] > 517x105 (010-х) 0.10 


х= [Н+ = 417x10? =41 x 10° 


pH = -log[H*] = -log(4.1 х 102) = 2.4 


(В) [HO*] = 1.7 x 10^ 
HCHO, — Н+ + CHO; 


In this problem, you are going to be dealing with the common-ion 
effect. Assume that all of the H* from the НСІ is going to push the 
equilibrium to the left. 


[HCHO,] ° 


HCHO,(aq) <> H'(aq) + CHO, (aq) 
HCHO, H* CHO, 
Start 0.10 mol 0.10 0 
A х TX TX 
Finish 0.10- x 0.10 +x +x 
[н*[сно, | (0.10)(x) | 0.10x 
oe шы =1.7x 10*= 


(0.10-х) 0.10 


x = [Н] = [HO] = 1.7 x 10^ 
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(C) pH = 4.0 This is a buffer solution containing a weak acid and its 
conjugate base. In this problem, you set up the equilibrium calculation 
table with amounts for HCHO, and CHO, in the start column. 


HCHO,(aq) => H'(aq) + CHO, (aq) 
HCHO, H* CHO, 
Start 0.10 mol 0 0.15 
A -Х +х +х 
Finish 0.10 —x х 0.15 +х 
[н*[сно, | (х)(0.15= х) _ 0.15x 
K- |нсно, ^ 17105 (010-х) 010 


х= [Н+] = 1.1 x 104 


pH = -log[H*] = -log(1.1 x 107) = 4.0 


(D) pH = 3.9 In this problem, you have to assume that the acid will ionize 
and the H* ions will react completely with any formate ions in 
solution. Therefore, the starting concentration of formate ion should 
be decreased and the starting concentration of formic acid increased. 


Initial [HCHO,] = 0.10 mol + 0.005 = 0.105 
Initial [CHO,] = 0.15 mol — 0.005 = 0.145 


HCHO,(aq) <> H'(aq) + CHO, (aq) 
HCHO, H CHO, 
Start 0.105 mol 0 0.145 
^ -=x TX TX 
Finish 0.105 —x X 0.145 +x 
нз [н [сно, | 00 утуо (0-145 +2) _ 0.145х 
* [нсно, | * (0105-x) 0.105 


х= [Н*] = 1.2 x104 


pH = -log[H*] = -log(1.2 x 10“) = 3.9 


The Henderson-Hasselbalch equation also produces 


A^ 
pH= рК + log [HA] 

0.145 
pH = -log(1.7 x 10%) + log Е =3.9 
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Question 2 
(A) [H+] = 8.9 x 10-4; pH = 3.1; pOH = 10.9. Prior to the titration, the 


pH of the benzoic acid solution must be determined using an equilib- 
rium calculation table. 


Initial concentration of benzoic acid: 0.05000 L 0.25 M = 0.0125 mol 


HCH,O, 
НС. Н.О (ад) <> H*(aq) + C.H;O, (aq) 
HC.H,O, H* CHO, 
Start 0.0125 0 0 
A -X +x +x 
Finish 0.0125 - x x x 
[B+ cho; ] 20 QQ) 0X 
K= |нсно,] | 63х19 = (0.0125-x) 0.0125 
х= 4(0.0125((6.3x1077) =8.9 x 10^ 
[H+] = 8.9 x 107 
pH = -log(8.9 x 107) = 3.1 
pOH can be calculated from the equation pH + pOH = 14 
pOH = 14 - pH = 10.9 
(B) NaOH - 62.8 milliliters. In the titration, the equation for the neutral- 


ization is 
НС. Н.О (aq) + OH (aq) > Н2О@) + C. H,O, (aq) 


The equivalence point will be reached when the number of moles of 
NaOH equals the number of moles of HC,H,O,. This is calculated as 
follows: 


Amount of benzoic acid to be neutralized: 
0.0500 L HC. H,O, 0.25 M HC,H,O, = 0.0125 mol HC H,O, 


Therefore, 0.0125 mol of NaOH are required to reach the equivalence 
point. 


1 L soln 


0.0125 1 NaOH х = 0.0628 L or 62.8 milliliters. 
nee 0.199 mol NaOH ее 
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(C) pH = 8.20. At the equivalence point, the equation has essentially 
reversed itself. Prior to titration, the equilibrium was as follows: 


HCH, O, (aq) = H'(aq) + C.H,O, (aq) 


Upon addition of the NaOH, the OH- ions react completely with the 
benzoic acid in a reaction that can be considered irreversible: 


HC.H,O,(aq) + OH (aq) > H,O() + C,HjO, (aq) 


The reaction uses up all OH- and converts all HC 


HO 


T 52 


to C H,O,. 


The benzoate ions then will establish an equilibrium system as 
follows: 


C, 


H,O, (aq) + H,OW) => HC_H,O,(aq) + OH (aq) 


The next step is critical. When you determine the starting concentra- 
tion of benzoate ion, you must do so by dividing the number of moles 
of benzoate by the volume of the new solution, which will consist of 
the 50.00 mL of the original solution + 62.8 mL of added solution. 
The neutralization created 0.0125 mol C. H,O,, so the molarity is 


е 93 


0.0125 mol C;H;O, 
(0.0501, + 006281) "HM SF, 


Now, an equilibrium table can be constructed as follows: 


C.H.O, (aq) > НС.Н;О (ад) + OH (aq) 
C. H,O, HC. H,O, OH- 
Start 0.111 0 0 
A -xX +x +x 
Finish 0.111 -x a x 


At this point, the calculation becomes a little different. Because the 
benzoate ion is a base, the equilibrium constant expression must be 
the base ionization constant, K,. You haven’t been given the value of 
K,, however, so you will have to generate it using equation 13.8: 


" -14 
К =КК; Ke K 2l10X107 21610” 


w 


b 


a b b K, b 6. 3 x 10> 
Now, the equilibrium expression can be set up: 
[HC;H0, OH | NENGO 
[C;H.0,] [585105 (DIST =x) 


Making the assumption that x will be quite small, we can then solve 


for x: 


х= A(1.6x107^)(0.0167) = 1.6 x 105 
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At this point, you know that the [OH] = 1.6 x 10%. There is more 
than one way to proceed from here. Two of the more obvious ways 
are to use the hydroxide concentration to calculate the pOH, and then 
convert that to a pH value. The other way is to convert the hydroxide 
ion concentration to the hydrogen ion concentration and calculate the 
pH directly. We will use the latter to calculate the pH. 
[OH] = 1.6 x 10° 
[OH ][H*] = 1.0 х 10" 
ije LOX 107^ — 

y= е = 6.25 х 107 

1.6 х10-'° 

pH = -log[H*] = -log(6.25 x 10?) = 8.20 


(D) Because the pH at the equivalence point is 8.20, the best indicator to 
use (of the three listed) is cresol red. With a K, of 1 x 105, the pK, 
would be 8. This suggests that it will be effective in the pH ranges 
near 8. Because this is a titration of a weak acid, the equivalence point 
will be found in a more narrow range of pH values than for a strong 
acid. The other two indicators are effective at pH values that may be 
too low (methyl red) or too high (alizarin yellow) to detect the 
equivalence point. 
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Chapter 


Additional Equilibrium 
Concepts 


In this chapter, we will extend the concepts of equilibrium that have been 
discussed in previous chapters. In Chapter 9 we discussed the concept of 
equilibrium in relation to saturated solutions in which an equilibrium was 
established between solvated ions and undissolved solute. In Chapter 10 we 
discussed the solubility of different salts when we looked at the formation 
of precipitates. In this chapter you will see the connection between these two 
ideas with the introduction of the solubility product constant, K,,, which is 
a quantitative means of describing solubility equilibria. This measure helps 
to predict and explain the precipitation of different salts from solution. You 
will also see how the common-ion effect, temperature, and pH affect 


solubility. 


THE SOLUBILITY-PRODUCT CONSTANT, Ке, 


So far, you have learned about a number of different equilibrium constants, 
including К, Ko Ko К, and K,,. In this section, you will learn about another 
equilibrium constant, K; . If you recall from Chapter 9, when a soluble solute 
is placed into a solvent it will dissolve until the solution becomes saturated. 
At the point of saturation, an amount of solid solute exists in equilibrium 
with the surrounding solution. One thing you will learn in this chapter is that 
even when a substance is considered insoluble, a small amount of the 
substance will still dissolve. One of the insoluble substances you learned 
about in Chapter 9 was the bright yellow precipitate lead (П) iodide, РЬ». 
If we assume for a moment that it is soluble in very small amounts (which 
it is), we can consider the equilibrium shown below: 


PbI,(s) => Pb*(aq) + 2F(aq) 


This equilibrium is known as a heterogeneous equilibrium, which is to 
say that it consists of substances that are in different states (phases). If you 
recall from Chapter 12, the equilibrium constant expressions for such 
equilibria do not contain the concentrations of liquids or solids. The 
equilibrium expression for this reaction will describe the degree to which the 
solid dissolves in solution, which is another way to say the degree to which 
itis soluble. And since the solid is not shown in the equilibrium expression, 
the equilibrium constant will express the product of the concentrations of the 
dissolved solute ions. For this reason, the equilibrium constant is referred to 
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as the solubility-product constant. For this equilibrium, the solubility- 
product constant, K,, is 


K,, = [РЬ 


One important consideration is the absence of the solid from the expres- 
sion. Even though the solid (PbI,) is not shown in the equilibrium expres- 
sion, it must be present in the solution in order for the system to be at 
equilibrium. In problems involving K 


Sj 


, you will usually encounter the 
information that some undissolved solid remains, which is your cue to know 
that it is okay to use the K,, expression. 

The value of K „ for PbI, at 25 °C is 9.8 x10. Small numbers like this are 
a good indicator that the material is not very soluble. 


SOLUBILITY 


Itis important to make the distinction between solubility and the solubility 
product constant. Solubility refers to the amount of a substance that can 
dissolve to form a saturated solution. The solubility of a substance is usually 
expressed in grams solute per liter of solution (g/L). Sometimes, however, 
itis described in moles solute per liter of solution, in which case it is referred 
to as the molar solubility of the substance. At any given temperature, the 
solubility-product constant, К, for a solute remains constant. The solubil- 
ity of a solute is not necessarily constant because it is affected by the 
concentrations of other dissolved substances. In the next section we will 
look at some factors that affect the solubility of a solute. 

One type of calculation that you may be asked to perform is the determi- 
nation of the concentration of an ion in solution when given the K , OF you 
may be asked to calculate the К » when given the concentration of an ion in 
solution. The two sample problems that follow will demonstrate these 
techniques. 


Sample 1: Solid calcium phosphate, Ca,(PO,),, is added to a sample of 
pure water at 25 *C and stirred for an extended period of time until it is 
certain that equilibrium has been established. After several days, a small 
amount of solid calcium phosphate is still present on the bottom of the 
reaction vessel. An analysis of the solution shows that the concentration 
of calcium ion is 3.42 x 107 M. Calculate K, for Ca,(PO,),. 


Answer: The first thing you need to do is write the balanced equation for the 
equilibrium: 
Ca (PO,) (aq) — 3Ca**(aq) + 2PO 4^ (aq) 
From the balanced equation, the equilibrium expression can be written as: 


K, = [Саро >р 


sp 
We know the concentration of Ca?*, but we will have to use stoichiometric 
relationships to determine the concentration of PO,*: 
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N 3.42 x 10 mol Ca** | (2 mol PO,” 
Ее L 3 mol Ca?* 


With this value, you can now calculate K: 


| =2.28x 107 M 


К, = [Ca* PIPO T? = (3.42 x 10°7)(2.28 x 107? = 2.07 х 10-33 


sp 


Calcium phosphate is not a very soluble compound. 


Sample 2: The K - for silver chromate, Ag, CrO,, is 1.12 х 107°, What is the 
molar solubility of Ag,CrO,? 


Answer: You still must start out by writing the solubility equilibrium and 
solubility product expression: 


Ag,CrO (s) <> 2Ag*(aq) + CrO (ад) k= [Ag [CrO] 


Next, you will set up an equilibrium calculation table: 


Ag,CrO,(s) <> 2Ag*(aq) + СгО 2 (aq) 


Ag,CrO, 2Ag* CHI 
Start 0 0 
A +2х TX 
Finish 2X х 


Substituting the values into the K,, expression: 


К „= [Ag'TICIO;] 


sp 
1.12 x 10? = [2х][х] = 48 


Solving for x, we find thatxis 


1.12 x10? 
x23 = = 6.5 х 10° 


Since x is the stoichiometric equivalent of Ag,CrO,, the molar solubility 
will be 6.5 x10-5 M. 


THE ION PRODUCT 


Before we begin considering shifts in an equilibrium system, we need a 
quantitative way to describe the state of the system at any time, whether it 
has established equilibrium or not. In Chapter 12, you learned about the 
reaction quotient, Q, which was used to describe equilibrium systems. In 
solubility equilibria, we're not really dealing with a quotient—just a 
product. Because the expression is the product of the concentrations of two 
different ions, the equilibrium expression that describes solubility equilibria 
is known as the ion product. О is calculated in the same way as K,,, except 


it does not necessarily describe a system at equilibrium. Referring to our 
initial example, for the equilibrium shown below: 


РЫ (s)  Pb^*(aq) + 2L (aq) 
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the ion product is 
О = [Pb*][ET 


The value of О сап be interpreted according to three possible relationships 
between О and K: 

O>k, This condition means that the concentration of ions is higher than 
it is at equilibrium. The way to get rid of the excess ions is for 
them to form additional solid (precipitate). This process will 
occur until О = К,, 

Q«K This means that the concentration of ions is smaller than it should 
be. The way to increase the concentration of ions is for more of 
the solid to dissolve until Q = K,, 

О= К The solution is at equilibrium. That means the solution is satu- 
rated and there is some solid present. 


These relationships can be used for more than just describing the status of 
a solid and its constituent ions. Another useful application is to determine if 
a precipitate will form from two different solutions. For instance, silver 
nitrate is soluble in water. Potassium chromate is also soluble (as are all 
potassium salts). If these two solutions are mixed together, two possible 
products can form: potassium nitrate and silver chromate. Potassium nitrate 
is soluble, but silver chromate is not. But what if very dilute solutions of each 
were added together? Is there a point at which the solutions would be so 
dilute that no precipitate would form? The ion product tells us that the 
answer is a definite, “Yes.” In order for a precipitate to form, the value of Q 
must exceed Ksp. If it does not, no precipitate will form. Let’s take a look 
at a problem that shows this. 


Sample: Will a precipitate form when 0.10 L of 1.0 x 10^ M AgNO, 
is mixed with 0.10 L of 2.5 x 10^ M K,CrO? 


Ksp for Ag, CrO, = 1.12 х 107° 


Answer: In order for Ag;CrO, to precipitate, О will have to exceed K,,. The 
first thing to do is calculate Q: 
The dissociation of Ag,CrO, will establish the following equilibrium: 


Ag,CrO,(s) => 2Ag*(aq) + CrO (aq) 

Therefore, the ion product will be 

Q = [Ag'T[CrO;*] 

We need to determine the concentrations of each ion to calculate the ion 
product. There are a few things to keep in mind as we do this. First, when the 
two solutions are added together, the total volume increases to 0.10 L 4- 0.10 
L 20.20 L. Second, we need to determine the number of moles of each ion, 
and then calculate the molarity based on the new volumes. 

In 0.10 L of 1.0 x10“ M AgNO,, the number of moles of Ag+ ions is 


1.0x10 mol 


0.I0L x ux = 1 x 10? mol Ag* (we don't care about the nitrate) 
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The concentration of Ag* in 0.20 L of solution (the new volume) is 


А. 1.0x 10? mol — 
| —MÀMMM—— = 5.0 х 105 
2 0.201. 


Next, weneedthe concentration of chromate, which we'll determine in the 
same way: 
2.5x10 ^ mol 


L | = 2.5 x 10? mol CrO, 


0.10L x | 


which in 0.20 L of solution has the concentration: 
Ios 2.5x10 7 mol 
"417 0201. 


With both concentrations, we can calculate the ion product: 


=1.25x 107M 


Q = [АВС 21] = (5.0 x 10°)°(1.25 x 10) = 3.1 x 1073 


Because Q < К, no precipitation will occur. 
sp 


You Try It! 
Will the bright yellow precipitate, PbL, form when 0.200 L of 0.015 M 
Pb(NO,), is mixed with 0.300 L of 0.050 M KI? К, for PbI, is 9.8 х 107; 


Answer: О = 5.4 x10%; Q > Eo Yes, a precipitate will form. 


FACTORS THAT AFFECT SOLUBILITY 


A major factor that affects the solubility of solutes is temperature. Most 
substances become more soluble at higher temperatures. This is something 
you have probably had experience with in the past as you tried to dissolve 
things (that you are either going to eat or drink). There are some substances 
that become less soluble at higher temperatures, but they are more the 
exception than the rule. The three additional factors that we are going to 
consider in this chapter are the common-ion effect, pH, and the presence of 
complexing agents. 


THE COMMON-ION EFFECT 


You were first introduced to the common-ion effect in the last chapter on 
acids and bases. The basic principle behind the effect relates back to Le 
Chátelier's principle, which was first introduced in Chapter 12. If you recall, 
one aspect of Le Chátelier's principle states that an increase in the concen- 
tration of a reactant will shiftthe equilibrium of the system in a way that will 
relieve the distress, or that will help reduce the concentration of the newly 
added reactant. When an ionic solute dissolves, it is broken into its constitu- 
ent ions. When equilibrium is established, the dissolved solute is in equilib- 
rium with its solid. Atthis point, if any ofthe constituent ions are added, they 
will cause a shift in the equilibrium. 

Itis not necessary that these ions come from the original solute, however. 
For example, in a solution of silver chloride at equilibrium, if silver nitrate 
is added it will dissociate to generate additional silverions. As Le Chátelier's 
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principle predicts, the presence of these additional silver ions will drive the 
equilibrium to the left, causing the precipitation of silver chloride. Or, as you 
learned in the last section, the increase in silver ions will increase the ion 
product, Q, making it greater than K - The system can only restore itself by 
the precipitation of silver chloride. In the sample that follows, we will look 
at a quantitative example of the common-ion effect. 


Sample: Calculate the molar solubility of strontium sulfate, SrSO 4, 1n 0.25 
M sodium sulfate, N. a,SO - К, for strontium sulfate is 3.44 x 107. 


Answer: This problem is very similar to sample 2 in the solubility section 
of the chapter. The only difference with this one is that the starting 
concentration of sulfate ion is not zero. You must also assume that because 
all sodium salts are highly soluble, all of the sodium sulfate has dissolved. 
Solving this problem will require us to determine the concentrations of the 
constituent ions at equilibrium. Our first step is to setup an equilibrium table. 
The concentration of sulfate ion is 0.25 M at the start of the table, since this 
is the concentration of sulfate in the sodium sulfate solution. 


SrSO (s) = Sr^(aq) + SO (aq) 


SrSO (s) Sr” SO,- 
Start 0 0.25 
A TX TX 
Finish х 0.25 +x 


K,, = 157150,2] = (%)( 0.25 + x) 


We’re going to make the approximation that x will be small enough that 
0.25 + x = 0.25; 3.44 x107 = (х)(0.25) 


| 344x107 
|. 025 


To help you get a feel for the common-ion effect, let's compare the molar 
solubility in the sodium sulfate solution with that in pure water. The 
equilibrium table would be similar except the initial concentration of sulfate 
ion would be 0, which would make the final concentration of sulfate ion x. 
The molar solubility would be calculated as follows: 


=14x10°M 


К = [S] 5027 = 6009 = X 


x= ¥3.44x107 =5.9x 10+ 


Notice how the solubility increases because of the absence of the addi- 
tional sulfate ion. 


You Try It! 
Calculate the molar solubility of barium sulfate, BaSO,, in 0.020 M sodium 
sulfate, K,SO,, K; for BaSO, is 1.08 x 10. 


Answer: 5.4 x10? M 
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THE EFFECT OF pH ON SOLUBILITY 


This section will integrate material from this chapter with material from the 
last chapter. In the last chapter, we looked at salts composed of strong and 
weak acids and bases. We saw that these salts have characteristic behaviors 
in solution. So far in this chapter, we have not considered the pH of the 
solutions. We're going to connect these two ideas to consider the solubilities 
of salts in non-neutral solutions. 

Let's begin with aconceptual example by considering the salt magnesium 
hydroxide, Mg(OH),, which is a common ingredient in many over-the- 
counter antacids. Magnesium hydroxide is somewhat soluble in water, has 
a K,, = 5.61 х107', and maintains the following equilibrium: 


Mg(OH),(s) => Mg” (aq) + 20H (aq) 


Ifastrong acid, such as HCl is added to the solution, the hydrogen ions will 
react with the hydroxide ions in solution to form water molecules. There- 
fore, the addition of a strong acid will decrease the concentration of 
hydroxide ions. The ion product, Q, will decrease. Our friend Le Chátelier 
would tell us that at this point the equilibrium will shift to right to 
compensate for the loss of the hydroxide ions. The Mg(OH), will continue 
to dissociate until equilibrium is restored. If additional НСІ is added to the 
solution, it will drive the equilibrium to the right again. If sufficient acid is 
added, all of the Mg(OH), will dissolve. 

This process will occur with any salt whose anion is basic. Anions that are 
the most basic are affected the most by changes in pH. Salts whose anions 
are from strong acids have virtually no basicity and will therefore be 
unaffected by changes in the pH. 


Sample: For which of the following is pH likely to affect the solubility? 


(A)  BaSO, 
(B)  BaF, 
(C) CaCO, 
(D) MnS 
(E) AuCl, 


Answer: The criteria that must be considered for each of these is the basicity 
of the anion. The more basic the anion, the more pH will affect the solubility. 
(A) The sulfate ion, SO p is a very weak base and will not be affected 
much by changes in pH. However, because it is a very weak base, the 
solubility can be affected slightly in very strong acids. 


(B) F is the conjugate base of a weak acid, which means it is a fairly 
strong base. As a result, it will react with the excess hydrogen in an 
acidic solution. This will decrease the [Е], which will cause more 
BaF, to dissolve to restore equilibrium. 

(C) CaCO, will be affected by pH. CO,” is a basic anion and can combine 
with two hydrogen ions. This will cause additional CaCO, to dissolve 
in order to restore equilibrium. 
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(D) S* is the conjugate base of a weak acid. It will combine with two 
hydrogen ions and force more MnS to dissolve. 

(E) СГ is the conjugate base of a very strong acid and won't react with 
excess hydrogen ion. The solubility of AuCl, will be unaffected by 
pH. 


You Try It! 
For each of the following three pairs, select the salt whose solubility will be 
affected most by a change in pH. 

(A) Ca(NO,),, Ca(OH), 

(В) Mg,(PO,),, MgCl, 

(C) SrSO,, SrS 


Answers: (A) Ca(OH), (В) Mg,(PO,), (C) SrS 


COMPLEX IONS 


In the last section we focused on the anions of the dissolved solutes, but in 
this section we will look at the cations. Metal ions can act as Lewis acids— 
which, as you recall, means they can be electron-pair acceptors when they 
are in the presence of Lewis bases (electron pair donors). One of the more 
common Lewis bases to interact with metal ions in this way is ammonia. 
These interactions are most common among the transition metals. One 
example of such an interaction is that of the silver ion and ammonia. Silver 
chloride is not very soluble in water (the K,, is 1.77 x10710) but is quite 
soluble if ammonia is added to the solution. The phenomenon can be 
understood by looking at the following equations: 


AgCl(s) => Ag*(aq) + Cl'(aq) 


This is the normal dissolving of silver chloride. Now, ifammoniais added, 
an additional equilibrium occurs: 


Ag'(aq) + 2NH,(aq) <=> Ag(NH,),'(aq) 


Because this second equilibrium removes silver ions from solution, it 
shifts the equilibrium of the first reaction to the right, causing additional 
AgCl to dissolve. Ag(NH;),* is an example of acomplex ion, whichis aterm 
used to describe an ion that forms between a metal ion and Lewis bases. 
While the dissolving of silver chloride is not highly favorable (as evident by 
the small K; ), the formation of the complex ion is. The equilibrium constant 
used to describe the formation of a complex ion is known as the formation 
constant, К. The Ку for the formation of Ag(NH3),* is 1.7 x10" and is 
calculated by the expression 

[Ag(N Н; ч | 


Amphoterism 


If you recall from Chapter 13, the term “amphoteric” refers to a substance 
that can act as either an acid or a base. Many metal oxides and hydroxides 
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that are fairly insoluble in water are quite soluble in strongly acidic and basic 
solutions. These materials can dissolve in both acids and bases because they 
are amphoteric—that is, they are capable of acting like acids or bases. One 
example is zinc hydroxide, Zn(OH),. Zinc hydroxide is quite insoluble in 
water (K,, =3 x10717). However, if placed in a strong acid, the hydroxide ion 
reacts with the hydrogen ion in the acid in the following way: 


Zn(OH),(s) + 2H*(aq) => Zn**(aq) + 2Н,0(1) 


However, zinc hydroxide can also form a complex ion with hydroxide 
ions, making it soluble in bases, as shown in this reaction: 


Zn(OH),(s) + 20H-(aq) => Zn(OH) (aq) 


K, for Zn(OH)4* is 2.8 x10P, making this a very favorable reaction. 


Miscellaneous Topics 


There are two topics that are somewhat related to the material in this chapter. 
One of them is frequently referred to in questions, while the second only 
rarely pops up. The first deals with the colors of various substances; at least 
one multiple-choice question usually refers to it. The second topic is the 
formation of complexes, like the ones mentioned in the previous section, but 
it goes a bit beyond the subject as it is addressed here. Occasionally a 
question about the nomenclature of complex ions appears, so we'll address 
that here (for lack of a better place to put it). 


Colors of Various Substances 
The list below is by no means a comprehensive one, but it does list some 
fairly characteristic colors. 

These flame tests represent the color of the flame, not the individual 
spectral lines. 


Cation Flame Color 

Li* Deep red (crimson) 
Na* Yellow 

K* Violet 

Ca** Orange 

Sr* Red 

Ba? Green 

Cu** Blue-green 

Li* Deep red (crimson) 
Na* Yellow 

K* Violet 

Ca? Orange 

Sr” Red 

Ba? Green 

Си” Blue-green 
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Colors of lons 

These are some typical colors. Again this is not a comprehensive list. 
Cations Color 
Cu Green to blue (depending on anion and charge on Cu) 
Fe Yellow to red-orange (depending on anion and charge on 


Fe); in rare instances, can form complex ions that produce a 
deep blue color 


Cations Color 
Co Pink 
Cr Green 
Ni Green 
Anions 

Cro Yellow 
CEU Orange 


Assorted compounds 


NO Brown gas; associated with reactions between metals (like 
copper) and nitric acid 


PbI Bright yellow precipitate 


2 


Cu(NH,)/* Dark blue; produced as ammonia is added to light blue 
copper solutions (e.g., CuSO,, Cu(NO,),) 


This list is not intended to list all compounds that have characteristic 
colors. These are some that are quite common and that have appeared in 
some form on previous AP exams. 


COORDINATION COMPLEXES 


Earlier in the chapter, we discussed the term complex ion, which referred to 
the ions formed by a metallic cation and an anion acting as a Lewis base. 
These Lewis bases that surround metal ions in a complex are known as 
ligands. Some common ligands are NH, H,O, and CN-. The most common 
metals to form complexes are the transition metals because they have many 
empty valence orbitals that allow them to function as Lewis Acids (accept 
electron pairs). In these compounds, the central metal ion and the attached 
ligands are written in brackets to distinguish the complex from the rest of the 
compound. For instance, the formula forthe salt potassium hexacyanoferrate 
(ID 1s written 


К [F(CN),] 
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where the complex hexacyanoferrate (II) ion, Fe(CN),*, is set aside from 
the potassium by brackets. In case you are wondering where the charge 4^ 
came from on this ion, it came by adding the charges on each constituent ion. 
The Fe(CN),* ion was formed by the addition of six cyanides to an Fe?* ion 

The procedure for determining the charge on the entire ion (the same 
procedure that is used for all complex ions) can be demonstrated as follows: 


Fe*x1242 
CN x 62-6 
The charge equals +2 + (-6) = -4 


Another term you should be familiar with is the coordination number of 
the metal ion. This number refers to the total number of bonds formed with 
the ligands. In the Ее(с№) ion, iron has formed 6 bonds (one with each 
cyanide), so the coordination number of iron in this complex is 6. 

Compounds can also be referred to by the type of ligands they contain. 
Many ligands, like NH, and СГ, can only form single bonds to the metallic 
ions. This type of ligand is referred to as a monodentate ligand. Other 
ligands, like the amine group, МН», can bind two times and are known as 
bidentate (or polydentate) ligands. Some of the more common polydentate 
ligands are known as chelating agents. These chelating agents bind to metal 
ions in such a way that they literally wrap around them. 


NOMENCLATURE OF 
COORDINATION COMPLEXES 


If pressed for time, you're better off skipping this section in favor of another 
more important section, but if you have the luxury of time, read on. The name 
of acoordination complex has come up on the multiple-choice exam before. 
There is anestablished set of rules for naming these compounds that has been 
developed by the IUPAC, and it consists of the following parts: 


1. When naming salts, the name of the cation is given before the name of the anion 
(this is the same as the other nomenclature rules). 


2. Thename of the complex ion, whether itis an anion, cation, or neutral, is written 
as two parts that are combined into one word. The first part consists of the name 
of the ligand, and the second part, the name of the metal ion. If more than one 
of the same type of ligand appears, Greek prefixes are used to indicate the 
number of times the ligand occurs. A Roman numeral is used to indicate the 
charge on the cation. For instance, the name of the ion in the previous example, 
Fe(CN) ie is hexacyanoferrate (II) ion 
The prefix hexa- represents the six cyanide ligands, the anion appears before 
the cation, and the Roman numeral (II) in parentheses indicates the 2* charge 
on the iron ion. 


3. One thing you may have noticed in the previous example is the ending —o on 
the end of cyano. Most anionic ligands are written with an —o ending, like 
chloro, bromo, cyano, and oxo. Neutral ligands are usually given the name of 
the molecule. A few notable exceptions to this are NH,, known as ammine; 
H,O, known as aqua; and CO, known as carbonyl. 
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4. You may also have noticed the term ferrate present to describe iron. This is a 


by-product of the old naming system that used the Latin terms for elements 
instead of Roman numerals to indicate their names (and charges). In this 
naming system, these older Latin names of elements are given an —ate ending. 
Most of these older forms have been discarded, except they do appear here. The 
Latin names for elements are responsible for the symbols that may hve been 
difficult for you to memorize because they don’t start with the same letters as 
the elements common names. Some examples of these older names and their 
use in naming anions in complexes are seen below 


Common Latin name Anion name 
English name and symbol (used in complex) 
Copper Cuprum, Cu Cuprate 

Lead Plumbum, Pb Plumbate 

Tron Ferrum, Fe Ferrate 

Tin Stannum, Sn Stannate 

Gold Aurum, Au Aurate 

Silver Argentum, Ag Argentate 


Even when the Latin name is used, the charge still must be written in 
parentheses next to the anion’s name. 


. Inacomplex ion or molecule, if more than one type of ligand appears, the order 


of appearance is determined alphabetically. For example, the complex ion 
Pt(NH,) CL” contains two ligands, NH, and Cl. The name of the ion is 


tetraamminedichloroplatinum(IV) ion 


You'll notice that the ammine appears before chloro (you use the root to 
determine alphabetic order) because a comes before c. The prefixes tetrais used 
to indicate the four NH, ligands and di- indicates the two CF ligands. Also 
notice the —o ending on chloro, which is not present on ammine. Finally, the 
Roman numeral (IV) indicates a 4* charge on platinum. The overall charge on 
the ion, 2*, can be determined by adding ће 4* charge of platinum to the 2(17), 
or 27, charge of the chloride ions. If this ion complex was attached to a chloride 
ion, the resulting compound, [Pt(NH,),CI,]Cl,, would be called 
tetraamminedichloroplatinum(IV) chloride. 


Sample 1: Name the following coordination compound, list the coordina- 
tion number of the transition element, and determine the charge of the 
complex ion. 


K,[Mo(CN), ] 
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Answer: The name is potassium, octacyanomolybdate(IV ). 

The name of the cation, potassium, is written first, followed by the anion. 
The complex ion is written with the ligand first, followed by the metal ion. 
The ligand has the Greek prefix indicating 8 and an —o ending for the cyano 
term. The metal ion, molybdenum, has been given the —ate ending and is 
followed with the Roman numeral of its charge. 

The coordination number of molybdenum is 8. 

The charge of the complex ion is 4-. This is determined by the ratio of it to 
potassium. Potassium always has a charge of 1*, which means that the charge 
on the complex ion must be 47. The Roman numeral for molybdenum can be 
determined from this number as well. The overall charge is 47. The cyanide 
ion, CN’, has a charge of 17, so 8 of them would have a charge of 8-. The charge 
of Mo must be 4 to give an overall charge of 4. 


Sample 2: Write the formula for tetraamminesulfatochromium(IID chloride. 


Answer: You need to begin dissecting this piece by piece. First, you know 
there is a chromium ion with a 3* charge in the complex. There are also two 
ligands, ammonia (which goes by the name ammine), NH}, and sulfate, 
(which goes by sulfato), 50,27. The tetra- before ammine indicates that there 
are four ammonia molecules in the complex. Because the name of the 
complex appears first, it must be the cation. A quick check of the individual 
charges of each component will determine the charge of the complex ion as 
well as verify its identity as a cation. We already know that chromium has 
a 3* charge (by the Roman numeral). We also know that ammonia has no 
charge and sulfate has a charge of 27. In addition, the absence of a prefix in 
front of the sulfato term in the name indicates there is only one sulfate ion 
present. Therefore, the net charge on the complex ion is 3* + (27) = 1+. 
Because it has a 1* charge, it will combine in a one-to-one ratio with the 
chloride ion, which has a 1^ charge. The formula, therefore, is 


[Cr(NH,),SO, CI 


You Try It! 
(A) Determine the name of [Cu(NH,),]SO, 
(B) Write the formula for ammonium aquapentafluoroferrate(IID. 


Answers: (A) tetraamminecuprate(II) sulfate 
(B) (NH;[Fe(H;O)F;] 
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Summary: Additional 
Equilibrium Concepts 


The equilibrium between ionic solutes and their constituent ions can be 
summarized using the equilibrium constant known as the solubility 
product constant, Ky 


Solubility, which refers to the amount of a substance that can be 
dissolved in solution, differs from the solubility product. K for a 
substance remains constant as long as temperature is constant, while the 
solubility of a substance is subject to change. 


The ion product, Q, provides a quantitative description of the relation- 
ship between solute and the constituent ions at any time, regardless of 
whether equilibrium has been established. The relationship between Q 
and K pean also be used to indicate the status of the mixture (1.e., whether 
the solute is dissolving at a faster rate than crystals are forming). 


Three factors, other than temperature, that affect solubility are the 
common-ion effect, pH, and the formation of complex ions. 


The presence of salts that share a common ion to the constituent ions of 
a solute will affect the solubility of a solute. Because of Le Chatelier’s 
principle, the addition of common ions shifts the equilibrium toward the 
formation of additional solute (solid), which decreases its solubility. 


Solubility can also be affected by pH. Salts whose anions are basic 
will increase in solubility in acidic solutions. This is because the 
anions will combine with excess hydrogen ions. According to Le 
Chátelier's principle, this will shift the equilibrium to the right to 
restore equilibrium. 


Some salts contain metal ions that can act as Lewis acids in solution. 
These often form complex ions when in solutions with Lewis bases like 
water or ammonia. In the presence of these Lewis bases, the anions form 
complex ions. The formation ofthese complex ions reduces the concen- 
tration of the anion, which will cause the equilibrium to shift right (or 
increase dissolving). 


The AP exam frequently adds questions about the colors of different 
substances. You should familiarize yourself with some of the more 
colorful elements and compounds. 


Complex ions combine with cations or anions to form coordination 
complexes. These complex ions usually consist ofa transition metal ion 
attached to ligands. Y ou should be familiar with the basic nomenclature 
for coordination complexes. 
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REVIEW QUESTIONS 


1. 


. A30 mL sample of 0.40 M Pb(C 


What is the molar solubility of silver oxalate? (К, for Ag,C,O, is 5.4 x 107) 
(A) 1.1 x104 
(B) L4 x10 
(C) 1.6 x10% 
(D) L4 x10-? 
(B) 54 x10-? 


. Whatis the final concentration of silver ions, [Ag*], in solution when 100 mL 


of 0.10 M AgNO,(aq) is mixed with 100 mL of 0.050 M HCl(aq)? 
(A) 0.00 M 

(В) 0.012 M 

(C) 0.025 M 

(D) 0.075 M 

(E) 0.10 M 


. If the solubility of Fe(OH), in water is 7.7 x10% M, what is the value of К, 


at this temperature? 
(A) 7.7 x10° 
(B) 2.4 x10" 
(C) 9.1 x106 
(D) 1.8 x10" 
(E) 4.6 x106 


. The solubility of BaCO, in water is increased by which of the following? 


I. Addition of NaOH 

IL Decreasing the pH of the solution 
III. Increasing the pH of the solution 
(A) I only 

(B) II only 

(C) III only 

(D) Тапа II 

(E) Тапа Ш 


„Н,О,), solution is added to 20 mL of 0.20 М 


Na,CrO, solution. Lead chromate precipitates out of solution. The concentra- 
tion of lead (ID ion, Pb”, in solution after the lead (П) chromate precipitates is 


(A) 0.150 M 
(B) 0.160 M 
(C) 0.200 M 
(D) 0.240 M 
Œ) 0.267 M 
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10. 


. When 100 mL of 1.0 M K,CrO, is mixed with 100 mL of 1.0 M AgNO,, a 


brownish-red precipitate forms and [Ag*] becomes quite small. Of the ions 
remaining in solution, which of the following is the correct listing of the ions 
remaining in solution, in order of increasing concentration? 


(A) [CrO,] < [МО] < [K*] 
(B) [CrO,] < [K*] < [МО] 
(C) [NO] < [CrO] < [K*] 
(D) [K*] < [МО] < ICrO,] 
(B) [K*] < [CrO,] < [NO,] 


. А 1.0 L sample of an aqueous solution contains 0.20 mol of Nal and 0.20 mol 


of SrL. What is the minimum number of moles of AgNO, that must be added 
to the solution in order to remove all available Г as the precipitate AgI(s) ? 
(Agl is very insoluble in water.) 


(A) 0.10 mol 
(B) 0.20 mol 
(C) 0.30 mol 
(D) 0.40 mol 
(E) 0.60 mol 


- What is the molar solubility of AgCI in 3.0 x10? M AgNO, solution? E, for 


AgCI is 1.8 x10". 
(A) 1.8 x10 M 
(B) 3.0 x10? M 
(С) 1.3 x105 M 
(D) 6.0 x10? M 
(E) 4.8 x10? М 


. Which of the following will be more soluble at an acidic pH than in water? 


I. AgCl 

П. Mg(OH), 
Ш. BaCO, 
(A) I only 
(B) II only 
(C) III only 
(D) I and II 
(E) II and III 


Whena solution of potassium chloride is vaporized in a flame, the color ofthe 
flame is 


(A) red. 

(B) yellow. 
(C) green. 
(D) violet. 
(E) orange. 
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11. The formula for sodium tetrahydroxoaluminate(IIT) is 
(А) Na,[Al(OH),] 
(B) Na,[Al(OH),] 
(C) Na[AI(OH),] 
(D) Na, AICOH), 
(E) Na(OH), 


12. Silver chloride is least soluble in a 0.1 M solution of which of the following? 
(A) FeCl, 
(B) MgCl, 
(C) NaCl 
(D) H,O 
(E) AgNO, 


Free Response 


Question 1 


In this problem, assume that the temperature remains constant at 25 °C. K,, 

for barium sulfate, BaSO,, is 1.1 x107!9 and Kp for barium fluoride, BaF,, 

is 1.8 x107. 

(A) What is the molar solubility of BaSO, in pure water? 

(B) What is the molar solubility of BaF,? 

(C) If an aqueous solution of Ba(NO,), is added to 1.0 L of a solution containing 
0.05 mol F- and 0.075 mol SO,”, which salt will precipitate first? (Assume that 
the volume of the solution remains 1.0 L.) 


(E) Based on your calculations in part (c), what is the concentration of Ba™ in the 
solution when the first precipitate forms? 


Question 2 


The solubility of magnesium hydroxide, Mg(OH)», is 6.53 x10? grams рег 
liter at 25 °C. Assume that this temperature is maintained for all parts of the 
question. 

(A) Write a balanced equation for the solubility equilibrium. 


(B) Write the the expression for K, 


(C) Calculate the pH of a saturated solution of Mg(OH), 

(D) If 100 mL of 2.5 x10? M Mg(NO,), solution is added to 100 mL of a 3.5 x10^M 
NaOH solution, will a precipitate of Mg(OH), form? Justify your response by using 
your calculated data. 


, and determine its value. 
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ANSWERS 


1. The correct answer is (A). First you must set up an equation for the 
equilibrium and set up the equilibrium expression. 


Ag,C,O,(s) <> 2Ag*(aq) + C,O,(aq) 


K, = [Ag*PIC,0,] 


Next, set up an equilibrium table for the two substances: 


Ag,C,O,(s) = 2Ag*(aq) + C,O (aq) 
Ag,C,O, 2Ag* CO, 
Start 0 0 
A +2x +x 
Finish 2x s 


Finally, the molar solubility (x) can be calculated: 
К, = [Ag'T[C.O,] 


54 x 1072 = (2xy(x) = 4x? 


x-3/1.35x10? = 1.1 x 107 


2. The correct answer is (C). The first assumption is that the silver chloride will 
precipitate out of solution. The second assumption is that there is an excess of 
silver ions so that there will be some left over. In order to determine this, you 
need to determine the amount, in moles, of each substance, and then use the 
balanced equation to determine what is left over. 


Ag+(aq) + Cl-(aq) = AgCl(s) 


To determine the number moles of Ag+ in AgNO,, you can assume the number 
of moles of silver ions is the same as the number of moles of silver nitrate 
because of the 1:1 ratio in the dissociation. 


0.10 mol 
0.100L x т = 0.010 mol Ag* 


Next, determine the number of moles of СГ, which you can also assume is the 
same as the number of moles of HCI: 
0.05 mol 
0.100 L x тт. = 0.005 mol СГ 

The numbers tell us that 0.005 mol of silver with react with all 0.005 mol of 
chloride ions to yield 0.005 mol AgCI. This will leave 0.005 mol of excess Ag*. 
The final calculation is to determine what [Ag+] is in 200 mL of solution. (Don't 
forget to add the volumes together.) 

0.005 mol Ag* 


= 0.025 M 
0.200 L soln 29 
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3. The correct answer is (D). You are given the value of x in this problem. You 


need to set up an equilibrium table to determine equilibrium concentrations of 
each substance, and then you can substitute the given value of x to determine 


К. 
- Fe(OH),(s) => Fe**(aq) + 20H (aq) 
Fe(OH), Fe? 20H- 
Start 0 0 
A TX 42x 
Finish x 2x 


K,, = [Fe*][OH T = Q)Qxy = 4e 
Therefore, K, = 4(7.7 x 10-5? = 1.8 x 10-5 


. Thecorrectanswer is (B). You should pick up that the question is seeing if you 
know the effects of pH on the solubility of BaCO,. With this in mind, you need 
to consider the compound, looking in particular at the anion, CO,. Remember, 
if the anion is the conjugate of a weak acid, it will be a strong base. This means 
it will be affected by an acidic pH because the base will combine with the H*, 
driving the equilibrium to the right (more dissolving of the slightly soluble 
solid). Choices I and II both indicate changes in the basic direction, which 
won't affect the solubility (or decrease it if anything). II is the only condition 
that will increase the solubility of BaCO,. 


. The correct answer is (B). This is very much like question 2. You need to 
determine if there is excess Pb after the precipitation. 
The amount of Pb available (each Pb(C,H,O,), releases one Pb**): 
0.40 mol 
0.030 L x CL 


The amount of CrO ET available (each Na,CrO, releases one CrO raat 


= 0.012 mol Pb” 


0.20 mol 


0.020L x = 0.004 mol CrO ^ 


0.004 mol of Pb* will react with CrO,* and precipitate out of solution, leaving 
the remaining 0.008 mol in solution. This 0.008 mol is in 50 mL of solution, 
which makes the concentration: 


0.008 mol 


=0.16 M 
0.050 L n 
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6. The correct answer is (A). This doesn’t require any calculations—just some 


logic. We'll look at some numbers to make the explanation easier, but they are 
not necessary to solve the problem. 


If you have 100 mL of 1.0 M K,CrO,, you have 0.1 mol K,CrO,. Using 
stoichiometric principles, this means you have 0.2 mol K* and 0.1 mol CrO, 
in solution. 


Similarly, in 100 mL of 1.0 M AgNO,, you have 0.1 mol Ag* and 0.1 mol NO,. 


The precipitate must be Ag, CrO, because all potassium and nitrate salts are 
soluble. An important thing to notice is the formula of silver chromate. Each 
chromate will combine with two silver ions. Since both start out with 0.1 mol, 
silver is a limiting reactant. Only 0.05 mol of CrO,* will be able to precipitate. 
At the end of the reaction then, there will be 


0.05 mol СЮ, 0.10 mol NO, and 0.20 mol K* 


. The correct answer is (E). You can solve this one in your head as well, but you 


need to understand the nature of the problem. You have a 1.0 liter container that 
has 0.20 mole each of Nal and Srl, dissolved in it. The dissociated silver ions 
from silver nitrate will react with the Г ions from the other two salts to produce 
the insoluble solid AgI. All you have to do is determine how many moles of 
iodide ions are in solution, and this will be the number of moles of silver that 
will be required to react with it (because AgI has a 1:1 ratio of silver to iodide). 
Nal dissociates to yield one Na* and one Г. Srl, dissociates to yield one Sr^* and 
two Г. As a result, 0.20 mol Nal will produce 0.20 mol Г, and 0.20 mol SrL 
will produce 0.40 mol Г. The total amount of Г generated is 0.60 mol, which 
is the minimum amount of AgNO, required to react with it. 


. The correct answer is (D). This isacommon-ion problem. Before you solve 


it, you should predict what you think the answer will be based on what you 
know about the common-ion effect. If you are trying to dissolve AgCl in a 
solution of AgNO,, there will be silver ions in solution before the AgCI starts 
to dissolve. This will limit its ability to dissolve. We would expect a fairly 
small molar solubility as a result. To solve the problem, we begin by setting 
up an equilibrium table, keeping in mind that we are starting out with some 
silver ions. 


AgCl(s) => Ag*(aq) + Cl (aq) 
AgCl Ag* Cl- 
Start 0.03 0 
A TX +x 
Finish (0.03 + x) x 


The next step is to set up the equilibrium expression: 
K, = [Ag*] [СГ] = (0.03 + x)(x) 


We are going to assume that the value of x is small enough that the sum of 
0.03 + x is approximately 0.03. 


1.8 x10 = 0.03x 


x = 6 x10? M (our assumption is valid), so this is the molar solubility. 


9. 


10. 


11. 


12. 
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The correct answer is (E). This is another question about the effect of pH on 
solubility. Since the question is asking which would be more soluble at acidic 
pH, you should be looking for compounds whose anions are basic or are 
amphoteric substances. Because Cl has negligible basicity, it can be disre- 
garded. Magnesium hydroxide has a basic anion (that will react with H* to form 
water), as does BaCO, (the carbonate ion will react with H*). Therefore, both 
Папа Ш will be more soluble at acidic pH. The solubility of AgCl is unaffected 
at acidic pH. AgCI is more soluble in solutions containing NH, because it can 
form complex ions with NH,. 


The correct answer is (D). You either know this or you don’t. Most of the color 
information included in this chapter is much easier to remember if you have 
done the labs that show the colors. Even if you haven’t, you should try to 
commit these to memory. The AP exam usually has one or two of these 
questions lurking about. 


The correct answer is (C). The tetra tells you that there are four hydroxide ions 
(indicated by the hydroxo- term) combined with the metal aluminum. The 
aluminum has a charge of 3* (indicated by the Roman numeral). The complex 
ion tetrahydroxoaluminate(IIT) must have a charge of 1^ because the charge of 
aluminum is 3*, and the charge of each hydroxide is 1^ (there are four, so that 
makes 47). This is confirmed because the term appears second in the name, 
indicating its status as the anion. The formula then should have one sodium ion. 
(The 1* charge of sodium balances the 1^ charge of the complex ion) 
Na[AI(OH),] 

The correct answer is (A). You have to consider the factors that affect 
solubility before you answer this one. This helps clue you in on what the 
question is looking for. The common-ion effect, pH, and complex ion forma- 
tion are the possible items. Because four of the five compounds shown contain 
acommon ion, this is the most likely topic the question is testing you on. If you 
note, the first three compounds differ by one chloride ion. What you need to 
remember is that the larger the amount of common ion in solution, the less 
soluble the salt will be. FeCl, has three moles of chloride ions per mole of FeCl.. 
MgCl, has two moles, and NaCl has one. AgNO, also has a common ion, but 
only one. Water has no common ions, which means that AgCI will be the most 
soluble in it. AgCl is least soluble in FeCl, because the presence of the excess 
chloride ions in solution shifts the equilibrium to the left (toward the solid). 
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Free Response 


Question 1 


You should always try to get the “big picture” of a free-response question 
before answering it. It helps you to focus and to determine if all parts of the 
problem are related. In this problem, the only two parts that are completely 
related are (C) and (D). You are going to need the given information in all 


parts of the problem. 


(A) To solve this one (and part B), you need to set up an equilibrium calculation 
table and solve for x. 


BaSO,(s) => Ba**(aq) + SO; (aq) 
BaSO, Ва” SO," 
Start 0 0 
^ TX TX 
Finish x x 


You may have recognized that when the solid dissociates into two ions that 
have no coefficients, the ending values will always be x and the K т expression 
will always come out so that k= x’. If you do recognize this, it will save you 
time on the multiple-choice section where you don’t have to show your 


calculations. 


K,, = [Ba*][SO,"] = 690) = x 
1.1х 107 = х? 


(B) This requires another equilibrium calculation table. 


x = 1.0x 10? M (rounded for significant figures) 


BaF,(s) => Ba**(aq) + 2F (aq) 
BaF, Ba? 2F- 
Start 0 0 
A +x +2x 
Finish х 2x 


K, = [Ba"][F TP = WX = 4x 


1.8 x 107 = 4 


1.8x1077 
x=3 = 3.6 x 10° M 
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(C) To solve this, you need to determine the minimum amount of Ba(NO,), that 
must be added to each one to cause a precipitate to form, and then you should 
compare these numbers. Whichever substance has the smaller number is the 
one that will precipitate first. 

For BaF,, the concentration of barium ions that will be required to form a 
precipitate is 


K „= [Ba"*][F. 


We're given the concentration of fluoride ions, so we can use this in the 
expression. In addition, because the solution is 1.0 L in volume, the number of 
moles is equal to the molarity. Therefore, for BaF, 


1.8 x 107 = [Ba?*](0.05)? 


1.8x107 
— d =7.2x 105M 
2.5x10 


For BaSO,, the concentration of Ba required is 


[Ва] = 


K, = [Ba*][SO,*] 
1.1 x 107? = [Ba**](0.075) 


1351077 
[Ba] = ——— —— 21.5 x10? 
0.075 
Because 1.5 x10? < 7.2 x105, BaSO, will precipitate first. 


(D) For part (D), we need only provide the calculation from part (C): 


11x10 
[Ba?] = —— ——— = 1.5 x 10? 
0.075 
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Question 2 
(A) Mg(OH),(s) => Mg” (aq) + 20H (aq) 
(В) K, = [Mg* (OH? 
To calculate the value of Ky we need to know the molar solubility. We can then 


set up an expression for K Р using values from an equilibrium calculation table 
and substitute the molar solubility, x, into the expression. 


Step 1: The molar solubility of Mg(OH), is 


6.53x10? g Mg(OH), 1 mol 
= 4 
L 58.32 g Mg(OH), |7 117X 10" M 


Step 2: Determine the expression for K; 


Mg(OH),(s) => Mg” (aq) + 20H (aq) 
Mg(OH), Mg” 20H- 
Start 0 0 
A TX +2х 
Finish x 2x 


К = [Mg*][OHT = Q)Qx* = 4° 


sp 


Step 3: Substitute the molar solubility for x: 


К = 46 = 4(1.12x 105? = 5.62 x 10? 


(C) Wecan solve this two different ways. To start either way, we use the value for 
the molar solubility to determine the [OH ]. Once [OH ] is known, we convert 
it to [Н+] and solve for pH. The other way is to calculate рОН and convert this 
to pH. Both methods are shown below: 


From the equilibrium table, we know that the value of [OH ] is 2x. Therefore, 
we can substitute the value of x into the expression to calculate [OH ] 


[OH] = 2x = 2(1.12 x 10+) = 2.24 x 104 


Using pH: 
1.0 x 10 = [H'][OH ] 
1.0 x 107 = [H*](2.24 x 107) 
р 20 ony desit 
= р 2446x10 
224x10* 
pH = -log[H*] = -log(4.46 x 107!) = 10.4 

Using pOH: 


pOH = -log[OH ] = -logQ.24 x 107) = 3.6 


pH = 14.0 - pOH = 14.0 - 3.6 = 10.4 
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(D) This is an ion-product problem. We need to calculate Q and compare it to К» 
which we calculated in part (B). 
Q = [Mg"][OHT 
To obtain the molar concentrations of each ion, we need to use the given 
information in (D). 


For [Mg”*], each mole of Mg(NO,), dissociates to form 1 mole of Mg” , so 


2.5x10 mol Mg(NO;) 
0.200 L 
In 200 mL of solution, this makes the [Mg”*] 


0.100 L x 


2 = 2.5 x 10^ mol Mg(NO,), 


2.5x 10? mol Mg(NO,) 
0.200 L 
For [OH], each mole of NaOH makes one mole of ОНУ, so 


[Mg] = 2 2125x102? M 


3.5x10 ^ mol NaOH 
0.100 L x з = 3.5 x 10? mol NaOH 


In 200 mL of solution, this will make [OH ] 


3.5x10~ mol NaOH 
[OH] = -175x104^M 
0.200 L 


Now, you are ready to substitute these values into the expression for Q: 


Q = [Mg ][OH = (1.25 x 10°)( 1.75 x 104)? = 3.8 x 107! 


Because Q > К. this indicates an excess of ions in solution (compared to 
equilibrium). The only way to restore equilibrium is to remove the excess by 
allowing it to precipitate as Mg(OH),. 
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Chapter 


Up to this point, we have primarily studied the descriptive aspects of 
chemical reactions. That is, we've discussed what's occurring during 
reactions without much detail about the driving forces behind the reactions. 
The purpose ofthe next two chapters is to provide such detail. In this chapter, 
we will look at the major models that have been developed to explain the 
mechanisms by which reactions occur. The focus of this chapter is kinetics, 
an area of chemistry that explores the rates at which chemical reactions 
occur. In the first portion of the chapter, we will focus on a few techniques 
we use to describe or define the rate of a reaction. Once that is established, 
we will move our attention to the factors that affect the rate of a reaction: 
concentration, temperature, surface area, and the presence of a catalyst. 


REACTION RATE 


One thing that is very important to consider as you proceed through this 
chapter is that rate and other items related to rate (the rate constant or rate 
law) can only be determined experimentally. Balanced equations can 
provide us with a means to speculate about the rate of a reaction, but the only 
way to accurately describe factors associated with rate is to determine them 
experimentally. On the AP exam, you don’t have the ability to perform any 
measurements, so all data is given to you, usually in a table. 

The term rate is usually associated with the occurrence of something per 
unit of time. When you move, the speed at which you are moving is a rate, 
determined by the distance you have traveled divided by the time it took for 
you to travel that distance (e.g., miles per hour or meters per second). In a 
chemical reaction, rate is usually associated with the rate at which a reactant 
is being used up (this is usually referred to as the rate of disappearance) or 
the rate at which a product is being created (usually called the rate of 
appearance). Although there are different techniques for making these 
measurements, the end result is the same—you want to collect data that 
tracks the appearance or disappearance of a substance over a time interval. 

This data is quite often placed on a graph to illustrate the progression of 
the reaction. Figures 15.1 and 15.2 show typical curves for the appearance 
and disappearance of a substance. 
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3t of moles 


Time 


Figure 15.1: Typical curve showing the rate of appearance of a substance. Note that 
the rate is highest when the concentrations of reactants is the highest (at the 


beginning stages of the reaction). 


3t of moles 


Time 


Figure 15.2: Typical curve showing the rate of disappearance of a substance. This 
could be superimposed over Figure 15.1 because it is showing the behavior of the 
reactants in the same reaction for which the product is being shown in Figure 15.1. 


The graphs in Figures 15.1 and 15.2 represent the most simplistic of 
reactions, those in which there is a 1:1 stoichiometric relationship among 
reactants and products. That is, for every mole of reactant used up, there is 
a mole of product created. Not all reactions proceed in such a manner, but 
these figures at least give you an idea of how graphs can be used to display 
the rate of reaction. Most graphs that you will be working with—and most 
reaction rates—are described in terms of changing concentrations over time 
(as opposed to moles, as are seen in Figures 15.1 and 15.2). We will spend 
more time on graphs in a later section. 


USING CONCENTRATIONS TO DESCRIBE RATE 


Reactions are usually described in terms of changes in concentration over 
time. In the hypothetical reaction 


aA + bB э cC + dD 
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if we were going to monitor the rate of reaction, we could measure the 
concentration of one of the substances over time. We could use stoichiomet- 
ric principles to convert the data for the other substances. However, if we 
collected data about one of the substances, we could then determine for 
various intervals of time how the concentration is changing. If we were 
measuring the concentration of A at 10-minute intervals, we would have a 
list of concentrations as well as a list of times. We could determine the rate 
of disappearance of A by using the equation 
A[A] 


Average rate = ——— 


At 


Remember that the Greek letter delta, A, means “change in” a variable. For 
this case, the equation can be rewritten as 


[Alu time _ [A iia time | 


final time — initial time 


Average rate = | 


This value is called an average because the calculation is only taking into 
account two measurements and nothing in between. The graph is actually 
curving during this time interval, which means the rate is changing. Taking 
a measurement of the average rate can sometimes be misleading, depending 
on the slope ofthe graph. For instance, look at Figure 15.3, which represents 
the rate of disappearance of a substance. If the average rate is measured 
between points 1 and 2, the average rate is a very good approximation of the 
reaction rate because the slope of the line connecting the two points is a very 
close fit to the curve. The slope is used because if you look at the formula 
for average rate, the numerator, A[A], represents the “rise” of the slope (in 
math it's often referred to as Ay), while Atrepresents the “run” (or Axin math 
terms). You may recall from previous course work that the "rise" divided by 
the “гип” determines the slope of a line. 


# of moles 


Time 


Figure 15.3 


For the line connecting points 1 and 3 in Figure 15.3, you can see that the 
line is beginning to deviate substantially from the curve representing the 
reaction. The means thatat any point along the dotted line (the average rate), 
the rate is different from the experimentally measured rate. The difference 


(Equation 15.1) 
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grows more significant when you look atthe difference between points 1 and 
4. Sothe average rate is much more accurate for smaller time intervals than 
it is for larger time intervals. 

There is another way to graphically determine the rate of a reaction, and 
that is with the instantaneous rate. As the term suggests, this is the rate at 
a particular instance in time, as opposed to a time interval. The technique of 
calculating the instantaneous rate is to draw a tangent to the curved line of 
the graph. Figure 15.4 shows such lines drawn оп the curve from Figure 15.3. 


- 


3t of moles 


Time 


Figure 15.4 


Sample: Consider the reaction aA + bB — cC + dD. The concentration of 
C was recorded fora period of time, and some of the datais shown in the table 
below: 


Time (s) [C] M 
2.0 0.00230 
4.0 0.00275 
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Calculate the average rate of reaction of C during this time interval. 


Answer: We are going to use the equation for average rate, 
A[C] 
Average rate — PS 
which is the change in the concentration of C during time interval t, which 


can be calculated using the equation 


kel ы time 21а time | _ 0.00275 – 0.00230 


223x10*M s! 


„м | final time-initial time 4-2 


You Try It! 
In a different experiment, the concentration of D was measured. Determine 
the average rate for D based on the data shown below 


Time (s) [D] M 
3.0 0.00470 
7.0 0.00635 


Answer: 4.1 x104 M s! 
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The Relationship between 
Reaction Rate and Stoichiometry 


Intheinitial examplein this chapter, the stoichiometric relationship between 
all reactants and products was one-to-one. For every mole of reactant used, 
a mole of product was produced. From your work in previous chapters, you 
know that many reactions do not follow this simple pattern (it sure would 
make balancing equations easier if they did, though!). How do you set up an 
expression for a reaction where the stoichiometric relationships are not one- 
to-one? If we refer to the general reaction shown below 


aA + bB —> cC + ар 


the reaction rates for each substance are determined using the following 
equalities: 
1 A[A] 1 A[B]_ 1A[C] 1 A[D] 
Кае ЛА, b Ar см а М 

You may notice the negative signs in front of the А and B expressions. This 
is to denote that these are rates of disappearance while C and D are rates of 
appearance. Although these formulas are often introduced this way to help 
you get a better conceptual understanding ofthe rate, reaction rate is usually 
expressed as a positive value, and the negative sign is implied (if the rate is 
a disappearance). You need to be able to use this expression, so we'll learn 
how to use it in Sample 1 and then try a calculation with it in Sample 2. 


Sample 1: For the reaction 2N,O;(g) — 4NO,(g) + O,(g), write the rate 
expression for each substance as shown in equation 15.2. 


Answer: Equation 15.2, though it may look complicated, is really quite 
simple. Each rate consists of two parts: the first part is a stoichiometric factor 
(1/a, etc.), and the second part is the average rate from equation 15.1. The 
reason the stoichiometric factor is needed is because the rates of disappear- 
ance or appearance of each substance are related to the number of moles of 
each that are present. For instance, for every two moles of N,O, that 
decompose, one mole of O, is produced. This means that the rate of 
disappearance of N,O, will be 3 the rate of appearance of oxygen. The 
expression for the entire equation looks like this: 


1 A[N,O,] 14[NO,] A[O;] 
At 4 A At 


Rate = 


You Try It! 
Write the rate expression for each substance in the following reaction: 


2N,0(g) > 2N,(g) + Ое) 
Answer: 


1A[N,O,] 14[N,] A[O,] 


Rate = = 
2 At 2 At At 


(Equation 15.2) 
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Sample 2: We'll refer to the reaction from Sample 1: 2N,O.(g) ^ 4NO (8) 
+ O,(g). If, at one point, the rate of disappearance of N,O, was 1.3 x 10° M 
51, what would the rate of appearance of O, be at this point? 


Answer: If we substitute the value 1.3 x10? M s`! in for the rate of 
disappearance of N5,O;, we will end up with 


_1AIN20s] _ 4[02] 


2 A At 


-l(L5x10? us)- 402] 
2 At 


rate O, = 6.5 x 10* 


Notethatthe negative sign was dropped. Itis customarily omitted from the 
reaction rate. In this case, O, is being formed, soit would be positive anyway. 


You Try it! 

In the reaction 2NO(g) > N,(g) + O,(g), the measured rate of appearance of 
N, during one experiment was 0.12 Ms". At this point, what would be the 
rate of disappearance of N,O,? 


Answer: 0.24 M s'! 


Rate Laws 


In this next section, we are going to look a little more closely at the 
relationships between concentration and reaction rate. We're also going to 
introduce some general procedures that can help you understand these 
relationships in almost any reaction. To begin, we will look at some data 
from a fictitious series of experiments in which substance A was combined 
with substance B to form substances C and D in a reaction that has the 
equation 


A+2B>5C+D 


In these experiments, the amounts of A and B were carefully measured 
prior to their combination. The initial rates for each experiment were 
calculated, and all data was placed in Table 15.1. 


Table 15.1 
Experiment | Initial [A] M | Initial [B] M | Initial Rate (M s`) 
1 0.10 0.10 1.3 x 10° 
2 0.20 0.10 2.6 x 10° 
3 0.40 0.10 5.2 x 10° 
4 0.10 0.20 2.6 x 10° 
5 0.20 0.40 1.04 x 105 
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You may notice some distinct patterns in the data. For instance, in the first 
two experiments, the A doubled while B remained constant. The reaction 
rate also doubled during this period. In experiment 3, the A doubled again, 
and so did the reaction rate. It seems that the reaction rate is directly 
proportional to the concentration of A. 

If you look at experiment 4, the concentration of A is back to its initial 
levels (experiment 1), but the concentration of B has been doubled (com- 
pared to experiment 1). This had the same effect on the rate of reaction as 
doubling A. Doubling B caused the reaction rate to double. It appears that 
the reaction rate is also directly proportional to B. We can check this 
assumption with the last experiment. In this experiment, the levels of A are 
twice whatthey were in experiment 1, while the levels of B are 4times larger. 
If the reaction rate is directly proportional to the concentration of each 
reactant, we would expect the new reaction rate to be 8 times larger than the 
original value (2 x4). Comparison of the two values reveals that it is indeed 
8 times larger, validating our assumption that the concentration of each 
substance is directly proportional to the reaction rate. 

The relationship between the concentration of reactants and the reaction 
rate is described by a factor known as the reaction order. In the previous 
example, the relationship between the reactants and the reaction rate was 
directly proportional, meaning that an increase in the concentration of one 
reactant caused proportionally the same increase in the rate. Doubling the 
concentration of a reactant doubled the rate of the reaction. This directly 
proportional relationship is known as a first-order relationship. If chang- 
ing the concentration of a reactant had no effect on the reaction rate, the 
relationship would be described as a zero-order relationship. A second- 
order relationship is exponential; in other words, doubling the concentra- 
tion of areactant will increase by rate by 4. The reaction order for a particular 
reactant is written as an exponent next to the concentration of that reactant. 
For instance, because the previous reaction was first order for substance A, 
we could represent this symbolically as [A] (the exponent 1 is understood). 
If A had a zero-order or second-order relationship, the symbols would be 
written [A]? and [А]?, respectively. 

These symbols can be used to create a general expression to describe the 
relationships between the concentration of the reactants and the reaction 
rate. This expression is known as a rate law, and for the previous reaction 
it would have the form 


Rate = K[A][B] 


The variable k represents the rate constant. Note the order of each 
reactant is 1. The reaction order, which describes the order of the entire 
reaction, can be determined by adding the order of each reactant. For 
instance, in this example each reactant is first order (meaning each has an 
understood exponent of 1). The reaction order is the sum of the exponents, 
or 1+1=2. This is a second-order reaction. Most reactions have an order of 
0, 1, or 2, but some have fractional orders or larger numbers (though these 
are quite rare). The order ofthe reaction must be determined experimentally. 


(Equation 15.3) 
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You are expected 
to know how to 
determine the units 
of a rate constant. 
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Unlike equilibrium expressions, the exponents have nothing to do with the 
coefficients in the balanced equations. 

It is important that you make a distinction between the reaction rate and 
the rate constant. The biggest distinction is that the reaction rate depends on 
the concentrations of each reactant (which you can see from the formula), 
and it will always have the same units, usually M s'!. The rate constant is not 
affected by concentrations. It maintains the same value as long as tempera- 
ture is kept constant. The units of the rate constant will also vary according 
to the order of the reaction. 


UNITS AND RATE CONSTANTS 


If we were to calculate the value of units of the rate constant in the previous 
example, we could do so with relative ease. Beginning with the equation and 
rearranging it to solve for k, we obtain the expression 
Rate = K[A][B] 
Rate 
k= TATR] 
[A][B] 


Substituting units into this expression, we find 


Ms! = Ms" = yg 
к= (мм) м? 


The units for the rate constant for this reaction are M'!s'!. 


You Try It! 
Foreach rate law, determine a) the order of each reactant, b) the overall order 
of the reaction, and c) the units of the rate constant, k. Assume that all 
reaction rates have been expressed in M s'!. 
(A) rate = k[NO]?[O,] 
(B) rate = ДО, О," 
Answers: 
(A) a) NO = second order; О, = first order 
b) reaction is (24-1) = third order 
c) M? 5! 
(B) а) О; = second order; О, = -1 order; 
b) reaction is (2+-1) = first order 


c)s! 
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DETERMINING RATE LAWS 


Inthe previous section, we used a very simple method of eyeballing the data 
to determine the order of the reaction (and eventually the rate law). On the 
AP exam, you must be able to calculate the rate law from the initial rates of 
reaction. The rate law that we showed in the last section can be made into 
a generic version that is applicable to any reaction. For a reaction where A 
and B are reactants (e.g., A + B — C), the rate law takes the form: 


Rate = k[A]m[B]n 


The exponents m and n represent the reaction order for each substance. By 
comparing the rates and concentrations from two different experiments, we 
can numerically calculate the values of m and n. In the sample problem, we 
will determine the rate law of a reaction based on experimental data. 


Sample: 
Experiment [A] ” [B] " Initial Rate M s^ 
1 0.20 0.20 1x10 
2 0.20 0.40 1 x10? 
3 0.40 0.20 4 x10? 


One name often used to describe this technique is the isolation method. 
The method of solution relies on one reactant being isolated. The concentra- 
tions ofall reactants but one are held constant, which will allow you to cancel 
them in the calculation. We can use the generic rate law equation, substitut- 
ing the data in for the variables. By setting up a calculation, we can try to 
solve for m or n. 


Rate k[A]m[B]n 


Expl = 


Rate k[A]m[B]n 


Exp 2 
If we look at the ratio of the rates of two experiments, we can usually solve 
the equation for either m or n. We can use experiments 1 and 2 for the first 
example: 
Rateg,; 1x10? _ 
Rate,,, 1x10? - 


This allows us to set up the following equation: 


Rates, _ k{0.20M]"[0.40M]" _ 
Кае: — k{0.20M]"[0.20M]" 


In this equation, we can cancel the first two terms in the numerator and 
denominator, leaving us with the expression 
[0.40M]" _ 
[0.20M]" 
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Simplifying this expression gives us 
2n=1 
n=0 
Anything raised to the zero power yields 1; therefore, this is a zero-order 
reaction for B. We can perform a similar procedure in experiments 3 and 1 


to determine the reaction order for A. Since [B] is constant in experiments 
3 and 1, we can cancel it. 


Rates,, 3 Е 4x10? B 
Rate,,,, 1x10? 


Каер, „з  k[0.40M]"[0.20M]"  [0.40M]" _ 
Rate;,,, Kk[0.20M]"[0.20M]" [0.20M]" 


2п= 4 


n = 2; the reaction is second order for А. 
The rate law can be written as: Rate = k[A]*[B]°, or Rate = [А]? 


You Try It! 
Forthereaction2A + B > C, experimental data was collected for three trials: 
Experiment [A] ” [B] " Initial Rate M s^ 
1 0.40 0.20 5.5 x10? 
2 0.80 0.20 5.5 x10? 
3 0.40 0.40 22 x10? 


What is the rate law of the reaction? 


Answer: Rate = k[A]°[B]? 


REACTION TYPES 


In this section, you will learn how to recognize, distinguish, and work with 
first-order and second-order reactions. The order is referring to the overall 
order of the reaction, not the order for one of the reactants. Remember, the 
overall order of the reaction is determined by adding the exponents of the 
individual reactants. 


First-Order Reactions 


Because the order is the sum of the exponents of the reactants, a first-order 
reaction must depend only on the concentration of a single reactant (we’re 
going to ignore fractional exponents). An example of such a reaction might 
be a decomposition reaction with only one reactant. The rate law for such a 
reaction would be as follows: 

Rate = k[A], where the exponent is an implied one. In the first section of 
this chapter, we showed that the reaction rate for such a reaction would be 
calculated using the formula 
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A[A] 
A іе = – ——— 
verage rate f 
If we put both of these equations together, we come up with 
R ed | КА 
ate =— "abs [A] 


This expression can be transformed, using calculus, into an equation that 
allows us to determine the concentration of A at any time during the reaction. 
Itis not necessary for you to be able to perform this transformation, but you 
should be familiar with the equation: 


[A], =—kt or In[A]t = —kt + In[A] 
[A], 0 
where [A], is the concentration of A at the start of the reaction and [A ]t is 
the concentration of A at any later time, f. 

You may be thinking that the equation on the left (15.4) looks familiar to 
you. It should, because it is nearly the same as equation 4.5 shown below 


In 


which was used to show the decay of a radioactive isotope over time. 

The other equation, equation 15.5 (which is just 15.4 rearranged), is 
designed to show you one of the more important features of this topic, 
graphical interpretation of reaction data. Equation 15.5 has the form of the 
slope-intercept expression in math: y 2 mx + b. If you recall, in this equation, 
m represents the slope of the line and b is the y-intercept. This is an 
expression for a straight line. One purpose of transforming the expression 
is to allow us to analyze it based on a straight-line graph. Compare the two 
graphs in Figure 15.5. The graph on the left shows a plot of the first-order 
decomposition of substance A over time. The y-axis lists the change in 
concentration over time. The parabolic curve in the left graph can be 
straightened by using the natural logarithm of the concentration instead of 
the concentration. This is a characteristic of a first-order reaction, and you 
should be able to recognize it. If the plot of the natural log of the concentra- 
tion over time is a straight-line, the reaction must be first order. 


Concentration of A, M 
In concentration of A 


Time Time 


Figure 15.5 


(Equations 15.4 and 15.5) 


NOTE 


Radioactive decay 
is a first-order 
process, too! 
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Sample: The first-order reaction 23,0, — 43,0 + O, has a rate constant of 
4.80 x 10^ s” at a certain temperature. If, at this same temperature, a 2.50 x 
10° M sample of dinitrogen pentoxide is allowed to decompose for 10.0 
minutes, what will be the new concentration of N ELS 


Answer: Because you are solving for the concentration of N,O, at time 7, it 
is probably best to use the slope-intercept version of the formula. This 
equation will be set up as follows: 


In[N,O,],,,. = -kt + In[N,O,], 


600 s 


In[NO,],,,. = -(4.80 x 10 $7)(600.0 s) + In(2.50 x 10? M) 


275146005 


In[N,O,],,,, = -0.288 + (-5.991) = -6.28 


2 52600 s 


To solve for [N,0;], we must rearrange the equation 


[N,O,] = e628 


[N,O,] = 1.87 x 10? M 


You Try It! 

For the reaction described in the previous sample, how long will it take for 
[N,O,] to reach 1.25 x 10°, assuming the starting concentration is 2.50 x 10? 
M, like it was in the sample? 


Answer: 1.44 x10? s 


HALF-LIFE 


If you recall, back in Chapter 4 we discussed half-life in the context of the 
decay of radioactive nuclei. In that chapter, we defined the half-life as the 
amount of time it took for one half of the original sample of radioactive 
nuclei to decay. Because the rate of decay only depends on the amount of the 
radioactive sample, it is considered a first-order process. Using the same 
logic, we can apply the concept of half-life to first order chemical reactions 
as well. In this new context, the half-life is the amount of time required for 
the concentration of a reactant to decrease by one-half. The half-life 
equation 4.7 from Chapter 4 can be used to determine the half-life of a 
reactant: 


0.693 


t = 
1/2 К 
Notice, the only factor that affects the half-life is the rate constant, К. 


Sample: For the reaction in the last sample problem (2N,O, > 4N,O + O,), 
determine the half-life for the decomposition of N,O, (k = 4.80 x 10^ 5). 


Answer: This is just a straight plug-and-chug. 


РЕН i 
^ 480x107] ^ 7 7 
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You may have noticed that this is the same answer as the last sample. If 
you look at the concentration values in the problem, the second concentra- 
tion is one half of the first. 


You Try It! 

Substance X has arate constant of 1.67 x 10? апа decomposes in a first-order 
reaction. If the initial concentration of X is 4.80 x 10? M, how long will it 
take to reach a final concentration of 2.40 x 10? M? 


Answer: 415 s (= tip) 


Second-Order Reactions 


There are different rate laws that can represent second-order reactions, but 
for our purposes we need not consider all of these. We can pick the easiest 
one, the composition of a single reactant that proceeds in a second-order 
reaction. In such a reaction, the rate law can be written as 

A[A] 


Rate = —— = ЦА]? 
ate p? [A] 


Remember, in these reactions, the rate of the reaction varies as the square 
of the change in concentration, so doubling the concentration will increase 
the rate four times. 

In another transformation involving calculus (which you don't need to 
know), wecan translate the rate expressions into a single expression that will 
allow us to calculate the concentration at any time during the reaction (like 
the expression we had for first-order reactions). 


Е = Кі + = 
[А], [A], 

Notice again that this is written in the slope-intercept format, where the 
slope of the line is k once again. The differences between the equations and 
graphs of a second-order reaction and a first-order reaction are frequently a 
topic on the AP exam in some form or another. 

The main difference that you must remember is that for a first-order 
reaction, a plot of In [A] against ¢ will generate a straight line, and for a 
second-order reaction, a plot of 1/[A ]t against t will generate a straight line. 

The half-life of a second-order reaction is also significantly different than 
the half-life of a first-order reaction. As equation 15.8 shows, the half-life 
of asecond order reaction depends on the initial concentration of the reactant 
(for first-order reactions it does not). 


1 


t = 
1/2 k[A], 


(Equation 15.6) 


(Equation 15.7) 


(Equation 15.8) 
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THE RELATIONSHIP BETWEEN 
TEMPERATURE AND RATE 


Temperature has a definite effect on the rate of chemical reactions. Most 
often, an increase in temperature corresponds to an increase in rate, although 
there are a small number of exceptions. One thing to keep in mind is that the 
rate constant is affected by changes in temperature. This is sometimes 
confusing to remember because it is not affected by concentrations. 

Although there is a great deal of evidence to show that temperature 
changes affect reaction rates, there is no single theory that explains why. 
There are two main theories that together explain the relationships between 
temperature and rates. Neither theory on its own is sufficient to explain the 
relationship. The two theories are the collision theory and the transition state 
theory. 


Collision Theory 


The central premise behind this theory is that molecules need to crash into 
each other in order to collide. On many intuitive levels, this is an appealing 
theory. If particles must collide in order to react, then anything that increases 
the likelihood of collisions should increase the reaction rate. Increases in 
concentration, which cause increases in rate, allow more particles to come 
in contact or collide with each other. Increases in temperature will cause 
particles to move faster, which will increase the number of collisions. More 
collisions will lead to increased reaction rates at higher temperatures. 

Neither of these ideas is disputed when trying to relate them to reaction 
rates. The problem with the collision theory is it is unable to explain certain 
relationships between temperature and rate. Some major flaws are that some 
reactions experience huge changes in reaction rate for relatively small 
changes in temperature, while others experience small changes in rate for 
large changes in temperature. Another problem is that only a very small 
percentage of collisions actually result in a reaction. These two problems 
raise concerns about why temperature effects are not consistent across 
different materials and why so few collisions result in reactions. 


Lower temperature 


Higher temperature 


<——— Minimum energy 
needed for reaction, E, 


Fraction of molecules 


Kinetic energy ———& 


Figure 15.6 
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One factor that each theory shares is the view that two colliding particles 
will react only if their combined kinetic energies meet or exceed a threshold 
value knownasthe activation energy (E,). As figure 15.6 shows, the number 
of particles possessing the activation energy increases as temperature in- 
creases. If the activation energy can't be achieved, the reaction won't occur. 
The gasoline that is in the gas tank ofa parked car will sit indefinitely, despite 
thefactthat the particles are colliding. However, if aspark energizes the same 
particles, they can gain sufficient activation energy to start the chemical 
reaction that will allow the car to drive. This combustion reaction is a highly 
exothermic reaction (gives off heat). If the potential energy of such areaction 
is plotted against the progress of the reaction, the resulting graph looks like 
the graph (a) onthe leftin Figure 15.7. The figure illustrates a few significant 
points. First, since the potential energy in the graph is directly related to the 
transfer of kinetic energy during the collision, the graph shows that the 
kinetic energy must be sufficient to reach the top of the "hill" for the reaction 
to continue. Second, the particles that collide stick together for a brief period, 
forming what is known as an activated complex. The activated complex is 
a temporary species that forms as a result of the collision between particles. 
Its existence is temporary, so it will eventually fall apart. Finally note that 
potential energy drops below its original level when the products are formed. 
This is characteristic of an exothermic reaction, where the products are more 
stable than the reactants. The excess energy is released mostly as heat, though 
sometimes it is accompanied by light and sound. 


Activated Activated 
complex complex 


2 > 
5B E 
- - 
[5] o 
= | =] 
o o 
2 = 
E E 
5 Б 
= = 
o o 
E g 
5 © 
e a 


C+D 


Reaction progress Reaction progress 
(a) (b) 
Figure 15.7 


The graph (b) on the right in Figure 15.7 shows an endothermic reaction. 
The products of an endothermic reaction are less stable than the reactants, 
so the energy after the reaction occurs is higher than the energy before the 
reaction. Note how the activation energy is also much larger for an 
endothermic reaction. In a sense, you have to force reactants to do something 
they really don’t want to do. 
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Transition-State Theory 


Collision theory, as its name might suggest, focuses on the collisions 
between particles. The collisions must be frequent, and the colliding 
particles must have sufficient energy to form an activated complex. The 
transition-state theory focuses on the behavior of the activated complex. 
According to the transition-state theory, there are three main factors that 
determine if a reaction will occur: 


1 The concentration of activated complexes 
2. The rate at which the complexes break apart 


3. The direction that the complexes fall apart (whether they break apart into the 
products or fall back apart as reactants) 


Transition-state theory assumes that an equilibrium forms between the 
activated complex and the reactants. Large activation energies shift the 
equilibrium to favor the reactants, while smaller activation energies shift 
more toward the activated complex. The mathematics that comprise the 
transition-state theory are too complex for consideration in the AP course, 
but you should have a conceptual understanding of the basic premises. In the 
next section ofthe chapter, we will look more carefully at the stages that take 
place during the brief time between the formation of the activated complex 
and the formation of products. 


REACTION MECHANISMS 


Most reactions do not occur in the simple fashion that we describe in a 
balanced chemical equation. Chemical equations show the reactants and 
products of the reaction but do nothing to describe how the former converts 
to the latter. A method that is used to show the intermediate processes that 
occur during a reaction is a reaction mechanism. A reaction mechanism 
lists the proposed changes that take place to the reactants as the product(s) 
is being formed. Usually this consists of two or three chemical reactions, 
referred to as elementary reactions or elementary steps, shown one on top of 
the other. For example, in the reaction of nitrogen dioxide and carbon 
monoxide, the balanced chemical equation looks like this: 


NO,(g) + CO(g) > NO(g) + CO,(g) 


While it may seem perfectly reasonable that the carbon monoxide mol- 
ecule could crash into the nitrogen dioxide molecule in just the right way and 
steal the oxygen atom for itself. Analysis of the reaction, however, has 
detected the presence of the substance NO , which is neither a reactant nor 
a product of the reaction. One explanation for this finding is that the reaction 
proceeds in two steps: 


Step 1) | NO, + NO, > NO, + NO 


Step 2) NO, + CO > NO, + CO, 
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These two steps are known as the reaction mechanism for this reaction. A 
reaction mechanism must correctly represent the overall chemical equation 
if itis to be considered correct. The way either to obtain an overall equation 
from the elementary steps or to verify that the elementary steps are 
possibilities is to add the two together. In this process, all reactants are placed 
on the left side of the equation and all products are placed on the right side 
of the equation. Any substances that are found on both sides may be 
cancelled. 


Elementary steps NO, + NO, > NO, + NO 

NO, + CO 2 NO, + CO, 
Sum of steps NO, + МО, + NO, + СО — NO, + NO + NO, + CO, 
Overall equation NO, + CO > NO + СО, 


Any substance that is neither a reactant nor a product but that exists during 
the reaction is known as a reaction intermediate. The number of interme- 
diates can vary depending on the complexity of a reaction. 

In each elementary step, the number of molecules that take part in the 
reaction determines the molecularity of that step. When a single molecule 
is involved (this usually involves some type of rearrangement), the reaction 
is labeled unimolecular. In the previous example, each step had two 
molecules reacting, which makes it a bimolecular reaction. Termolecular 
reactions involve three molecules but are quite rare because they require the 
simultaneous collisions of three molecules. 


You Try It! 
Using the two elementary steps shown below, construct the balanced 
equation, and determine the molecularity of each step. 


NO + NO > NO, 
N,O, + O, э NO, + NO, 


Answer: 2NO + О, — 2NO;; step 1 and 2 = bimolecular 


Determining Rate Laws for Elementary Steps 


While it is not possible to determine the rate law of a reaction by inspecting 
its balanced equation, it is possible to deduce the rate law if you know the 
elementary steps for the reaction or, in other words, the reaction mechanism. 
Knowing the molecularity of the elementary step will help you determine 
the rate law for that step. For example, consider the elementary step that 
involves the decomposition of substance A into one or more product: 


A products 


Remember, rate laws are written in terms of the concentration of the 
reactants. How will the rate of this reaction depend on the concentration of 
A? You may remember from earlier in the chapter that it will vary directly 
with the concentration. This is also the same form as a radioactive decay. 
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These reactions are first order, and the reaction rate can be summarized as 
Rate = k[A] 


The elementary steps in the You Try It! reaction that you just completed 
are examples of bimolecular reactions. Each step represents one of the two 
different types of rate laws that can be written for bimolecular elementary 
reactions. The first: 


NO + NOS №0, 


involves the collision of two identical molecules. This can be rewritten in a 
generic form: 


А + А —> products 


Anincrease in the concentration of A should cause a proportional increase 
in the number of collisions. This will create the rate law expression: 


Rate = k[A][A] or Rate = ДА]? 
The second elementary step in the example was 
N,O, + O, э NO, + NO, 


In this step, the two reactant molecules are different substances. The 
generic equation for the rate of such a bimolecular reaction is 


A+B > products 


The reaction is first-order for each reactant because the rate will be 
proportional to each reactants concentration, so the reaction rate expression 
for this type of step will be 


Rate = K[A][B] 


RATE-DETERMINING STEPS AND RATE LAWS 


In reaction mechanisms, the different elementary steps tend to occur at 
different rates. Some are faster than others. The slowest step is known as the 
rate-determining step for the reaction and will determine the overall rate 
at which the reaction will proceed. Let’s look at an analogy that you may be 
able to relate to. 

Imagine that you are a customer at a fast-food restaurant. You arrive at a 
very busy time of day, and there are lines standing at each cash register. 
Suppose you have nothing better to do than watch what the employees are 
doing behind the counter. You notice that each cashier takes an order and 
then fills up the drinks. After placing the drinks on the counter, the cashier 
grabs a tray or a bag and begins collecting the food for the order. First, he 
picks up the burgers from a bin that is being filled up by a very anxious- 
looking woman who appears to be working rather quickly. Next, he walks 
over to the french fry area to pick up the fries for the order. There is a young 
man in charge of the fry area who is cooking the fries and filling up the fry 
bags and boxes for the cashiers. Just when your hunger has reached its 
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breaking point, you step up tothe counter and place your order with the eager 
cashier. He goes to get your drink, goes to the burger bin and gets your 
burger, walks over to the fry area, and then stops. For some reason, there are 
no fries ready. Within seconds, the other cashiers begin piling up around the 
fry station. The drive-thru is starting to back up. The fry guy is staring 
nervously into the fry vats, hoping he can will the fries to cook more quickly. 
Inthis example, nobody who ordered fries can be served until those fries are 
done. Even though the drinks can be filled quickly, the burgers are ready to 
go, and the cashiers are moving quickly, no one can get served until the fries 
are cooked. The fry station is the rate-determining step in this scenario. 

In chemical reactions, the rate-determining step works in much the same 
way. From a conceptual standpoint, consider a reaction with two elementary 
steps where the first step is the slow one (the rate-determining step). The 
concentration of the reactants in the first step is far more important than the 
concentration of the additional reactants in the second step. That is because 
the second step can't start until the first step has been completed. In our fast 
food example, it's the equivalent of saying that you can't speed up the 
process by adding more cashiers. You can have fifty cashiers, but if there are 
no french fries for them to pick up, they can't do anything. 

Using a reaction as an example, consider the reaction that occurs between 
nitrogen dioxide and fluorine. The reaction is believed to have the following 
elementary steps: 


The К, and k, written above the arrow represent the rate constant for those 
elementary steps, and the subscripts are used to distinguish them from the 
rate constant, k, for the overall reaction. 

In this reaction, if the first step is the rate-determining step (slow), then as 
soon as F, reacts to form NO-F, the F that is produced will quickly react to 
form another NOF. Therefore, the rate of appearance of NO.F is directly 
related to the rate of disappearance of F,. This means that the first step is 
considered the rate-determining step. In the previous section, we saw that a 
bimolecular reaction, like the elementary steps in this reaction, has a 
predictable rate law that will take the form 


Rate = К [МОЕ 


At this point, the rate law is just an educated guess. It must Бе compared 
with experimental data to determine if it is supported. k, should equal the 
experimentally determined rate constant, k. An important note here is that 
even if the experimental data matches our predicted rate law, it does not 
mean that our rate law is correct. If the data disagrees with ours, it does allow 
us to rule out our reaction mechanism, but if the data supports ours, it only 
allows us to know that we have produced the best explanation for the time 
being. For your purposes on the AP exam, what this translates to is that you 


www.petersons.com 


404 Par Ill: AP Chemistry 


www.petersons.com 


should be careful how you word any responses when you are predicting the 
rate law from a reaction mechanism. Always reserve a little room for doubt. 


Mechanisms Where the Initial Step Is Fast 


What if the rate-determining step is the second step? This becomes a bit more 
difficult to determine because an intermediate is involved in the rate law. 
Because intermediates are usually quite unstable, it is difficult to predict 
their concentrations. If the second step is slow, then you have to assume that 
the first step quickly produces an intermediate. However, if the second step 
is slow, the intermediate may not be able to break apart to form products. 
What generally happens in this case is that the intermediate will fall apart 
into the reactants again. The reactants will reform the intermediate, and 
equilibrium will begin between the intermediate and the reactants. For 
mechanisms where a slow step is preceded by a fast one, it is assumed that 
equilibrium is established in the fast reaction. Let’s see how this works in an 
example. In the reaction 


H,(g) + L(g) ^ 2HI(g) 
the experimentally determined rate law is 
Rate = k{H,][L] 


A possible mechanism that includes a fast initial step is 


k, 
2k. 2I (fast) 
I+I+H k, 2HI 1 
+I+H, 4 (slow) 


Remember, if the slow reaction is preceded by a fast one, the fast one will 
establish equilibrium. The rate constant of the forward reaction (k,) is equal 
to the rate constant of the reverse reaction (k_,). If we use the logic of the 
previous example, then the slow reaction will determine the rate for the 
overall reaction. However, if we write the rate law for this reaction, we run 
into a problem. The rate law for the second step is 


Rate = K,[I][I][H,], or Rate = k,[1P(H,] 


The problem is that the reaction intermediate is present in the rate law. 
Because these are so unstable, they are inappropriate for rate laws. The way 
to get around this is to express the intermediate in terms of the initial reactant, 
Г. This can be done using our assumption about the equilibrium that is 
established in the first step. In this equilibrium, we can say that 


Rate = k [L] = k [IP 


If we rearrange this a bit, we can find a suitable substitute for the IP 


portion in the rate law: 


[m = М 


If we substitute this into the original rate law, we end up with 
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Rate =k, ап. [Hs] 
-1 


Е ho. 2. А 
If it can be shown that k, т is equal to К, this is a reasonable reaction 


mechanism (experimental evidence does support this assumption). 


You Try It! 
The following reaction 


2NO(g) + O(g) > 2NO(g) 


is believed to proceed by the mechanism shown below: 
NO +0, <= NO, (fast) 


k, 
NO, + МО 5 NO, + №, (slow) 


Write a rate law for this reaction that is consistent with the mechanism. 


К, 
Answer: Rate = k, Пу [NOP?^[O,] 
- 


THE EFFECT OF CATALYSTS 
ON REACTION RATE 


Catalysts are substances that change the rate of a reaction without being 
consumed. They help the reaction to occur at a faster rate. Introductory 
courses often work with the decomposition of hydrogen peroxide as an 
example of a reaction affected by a catalyst. The decomposition, shown 
below, occurs very slowly under normal conditions: 


2H,O,(aq) > 2H,0() + 0,(g) 


If you sprinkle a little bit of manganese dioxide into the hydrogen 
peroxide, the reaction begins to proceed quite rapidly. When the reaction is 
complete, the manganese dioxide can be recovered intact. In biology 
classes, the same reaction can be performed using an enzyme (a organic 
catalyst that is produced in living organisms) extracted from beef liver. 

The important effect of a catalyst is to help a reaction occur more quickly 
than it could without the catalyst. The way that a catalyst accomplishes this 
is to lower the activation energy of the reaction. In Figure 15.8, notice the 
decreased height of the curve, indicating the lowered activation energy. 


Uncatalyzed reaction 


Catalyzed reaction 


Energy 


Reaction progress 


Figure 15.8 


405 


www.petersons.com 


406  Partlll: AP Chemistry 


www.petersons.com 


There are three different forms of catalysis. The first is homogeneous 
catalysis, in which the catalyst is in the same phase as the reactants. The 
decomposition of hydrogen peroxide can also be performed using a homo- 
geneous catalyst like HBr. The bromine ions catalyze the decomposition. 
The second type of catalysis is shown with the use of manganese dioxide as 
a catalyst in the hydrogen peroxide decomposition. This type is known as 
heterogeneous catalysis because the catalyst is in a different phase than the 
reactants (making a heterogeneous mixture). The final type is biological, 
and catalysis is done with enzymes. Quite often catalysts will help bend, 
stretch, or orient molecules so that they can react more easily. 
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Summary: Kinetics 


The rate at which a reaction occurs is known as the reaction rate. This 
rate is typically determined by measuring the amount of one substance 
(either a reactant or product) over time. The reaction stoichiometry can 
then be used to determine the other substances that were not measured. 


The rate of a reaction is sometimes affected by the concentration of a 
reactant. The degree to which the reaction is affected depends on the rate 
law for the reaction. 


The rate law is an equation that relates the concentration of the reactants 
to the rate of the reaction. The rate law can only be determined 
experimentally and is not affected by changes in concentration. 


The reaction order determines the exact numerical relationship between 
the reactants and the reaction rate. There are times when the concentra- 
tion of a reactant does not affect the reaction rate. Such reactants are 
described as zero-order for the reaction (as long as they are present, it 
does not matter how much there is). 


First-order reactions only depend on the concentration of a single 
substance. Quite often they are decomposition reactions that follow the 
form of a nuclear decay. 


Temperature has a definite effect on reaction rate, but the reasons for the 
changes are not completely understood. The two theories that describe 
this relationship are the collision theory and the transition-state model. 


Collision theory proposes that increases in temperature increase reac- 
tion rates by increasing the number of collisions that occur between 
particles and by increasing the kinetic energy that particles possess 
when they collide. 


Transition-state theory focuses on the rates at which particles form and 
are formed from activated complexes. 


Crucial to both theories is the concept of activation energy, which is the 
amount of energy that is required to cause substances to react. 


Catalysts are substances that increase the reaction rate without being 
consumed in the process. They work by decreasing the activation 
energy for a reaction. 


Reaction mechanisms are proposed steps that occur during a chemical 
reaction. By comparing proposed reaction mechanisms with experi- 
mental rate data, you can determine the rate law of a reaction. 

In reaction mechanisms of more than one step, the slowest step, known 


as the rate-determining step, will determine the rate law and the rate of 
the reaction. 
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REVIEW QUESTIONS 


1. Ifareaction, 2A + 3B products, is first-order for A and second-order for 


В, the rate law for the overall reaction will be written as Rate = 
(A) K[AJ[B] 

(В) ДАР]? 

(С) АТР}? 

(D) ДАР? 

(Е) K[AP'[D] 


. The rate law for the reaction 2A + B — C was found to be Rate = K[A][B". 


Ifthe concentration of B is tripled, what will happen to the rate of the reaction? 
(A) It will stay the same. 

(B) It will increase by two times. 

(C) It will increase by three times. 

(D) It will increase by six times. 


(E) It will increase by nine times. 


The data table below is to be used for question 3. 


Experiment Initial [NO,] m Initial Reaction Rate M s'! 
1 0.010 7.1 x10? 
2 0.020 28 x10? Ms 


3. Nitrogen dioxide decomposes according to the following reaction: 
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2NO,(g) > 2NO(g) + 0,(g) 
For the initial rate data given above, what is the value of k in the rate law? 
(A) 0.010 M 
(B) 7.1 x10-3 s`! 
(C) 3.5 x10-3 s`! 
(D) 0.71 M!s 
(E) 4 


2Н,0,(0 > 29,0(0 + Ox(g) 


. Hydrogen peroxide decomposes according to the reaction above, which is 


first order for H5O, and has a half-life 18.0 minutes. If an H,O, solution that 
was initially 0.80 M is allowed to decompose for 72 minutes, what will the 
concentration be at that time? 


(A) 0.80 M 
(В) 0.40 M 
(C) 0.20 M 
(D) 0.10 M 
(E) 0.05 M 


5. 


7. 
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Which of the following would produce a linear graph for the following 
reaction? 


А —> product(s) 


(A) mol A vs. time if the reaction is first-order for A 


1 
(B) [^] vs. time if the reaction is first-order for A 


1 
(C) [ AP vs. time if the reaction is second-order for A 


(D) In [A] vs. time if the reaction is first-order for A 


(E) In [A] vs. time if the reaction is second-order for A 


Rate = k[HCrO, ][HSO, T [H*] 


. In the reaction above, what is the order of the reaction with respect to H*? 


(A) 0 
(B) 1 
(C) 2 
(D) 3 
(E) 4 


Rate = ДМОР[Вг,] 
What is the order for the overall reaction shown above? 
(A) Zero order 
(B) First order 
(C) Second order 
(D) Third order 


(E) Not enough information. 
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8. Which of the graphs below represents an exothermic reaction? 


> > 
50 50 
- - 
o o 
=i ГЕ 
о o 
= = 
c Ч 
=! =l 
= = 
oO o 
2 © 
© © 
a a 
Reaction progress ————> Reaction progress ———» 
(a) (b) 
> > 
ро e 
o o 
=l S 
о o 
= = 
с Ч 
=! =l 
| = 
oO о 
2 2 
© © 
a a 
Reaction progress ———» Reaction progress ———» 
(c) (d) 

> 

50 

[^] 

=l 

о 

= 

iss) 

B= 

= 

oO 

2 

© 

a 


Reaction progress ————> 


(e) 


9. A catalyst does not affect which of the following? 


I. Activation energy 
II. Reaction rate 
III. Potential energies reactants or products 


(A) I only 
(B) II only 
(C) III only 
(D) I and II 
(E) II and III 
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10. 


11. 


12. 
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2A + B = products 


The rate law for the reaction above is Rate = k[A]*. What effect would adding 
additional B have? (Assume no change in temperature or volume.) 


(A) Both the value of k and the reaction rate would decrease 
(B) Both the value of k and the reaction rate would increase 
(C) The value of k would remain constant, but the rate would decrease. 
(D) The value of k would remain constant, but the rate would increase. 


(E) Neither nor the reaction rate would change. 


Step 1) NO(g) + CL(g) => МОСІ (8) (fast equilibrium) 
Step 2) NO(g) + МОСІ (5)  2NOCI(g) (slow) 


Which of the following rate laws is consistent with the reaction mechanism 
shown above? 


(A) Rate = K[NO][CI;] 
(В) Rate = K[NO], 

(C) Rate = k[NO][NOCL] 
(D) Rate = МО] [СЇ] 
(E) Rate = K[NOP^[CI][NOCL;] 


The reaction mechanism for the chlorination of trichloromethane is shown 


below: 

Clg) == 2CK(g) fast 
Сів) + СНСІ (8) ^ HCl) + CCLG) slow 
С) + Ссі) 5 CCLC) fast 


Which of the following represents an intermediate in the reaction? 
(A) CHCl, 

(B) Cl 

(C) Cl, 

(D) CCl, 

(E) HCl 


411 


www.petersons.com 


412 Part Ill: AP Chemistry 


www.petersons.com 


Free Response 


Question 1 
A hypothetical reaction takes place according to the following equation: 


2A +В —3C+2D 


The following rate data were obtained from three different experiments, all 
of which were performed at the same temperature. 


Experiment Initial [A]m Initial [B] n Initial rate М5! 
1 0.10 0.10 0.10 
2 0.20 0.10 0.40 
3 0.20 0.20 0.40 


(A) Determine the rate law for the reaction. 
(B) Calculate the rate constant, k. 


(C) Calculate the rate of the reaction when [A] = 0.30 M and 
[B] = 0.30 M. 


Question 2 


The proposed mechanism for the reaction in this question is shown below: 


Step 1) 2NO(g) => N,0,(8) (fast) 
k, 

Step 2) NO 9) +H, (8) 5 H,0,(8) + №8) (slow) 

Step 3) H,(g) + H,O,(8) <= 2H,O (fast) 


(A) Write the balanced equation for this reaction. 
(B) Identify the rate-determining step. 
(C) Write a rate law that is most consistent with this mechanism. 


(D) Based on your rate law, determine the effect of doubling the concen- 
tration of NO (while maintaining constant amounts of all other 
reactants) on the reaction rate. 
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ANSWERS 


1. The correct answer is (B). The order tells you the exponent to place next to 
the concentration. Because A is first order, an understood 1 is next to [A]. B is 
second order, so [B] will be squared. 


2. The correct answer is (E). Because the rate law has the concentration of B 
squared, the effect of tripling B will increase the rate by (3)? = 9. 


3. The correct answer is (D). First, you must determine what the rate law should 
be. This is a bimolecular reaction with a single reactant. Therefore, the rate law 
should be Rate = k[NO,]*. Another way to solve this is to use the experimental 
data to determine the order of the reaction for NO,. This technique begins with 
the assumption that rate = k[NO,]m. You need to solve for m. You can set up 
an equation to solve for т: 


rate2 28x10? (0.020)" 
ratel 71x10?  &(0.010)" 


4=2m;m=2 


Once you have the rate law, you just substitute the numbers from one of the 
experiments and solve for k. 


Rate = k[NO,]? 


Rate — 71x10? 
k= [No,[ (0010) 


4. The correct answer is (E). 


=0.71 M's 


Probably the easiest way to solve this is without an equation. If the half life is 
18 minutes, then 72 minutes makes 4 half-lives. If the sample 0.80 cuts in half 
four times, it becomes 0.800.400.2030. 1040.05 M. 


We also had an equation (equation 6.1) that can be rearranged to solve for H,O, 
(instead of N, which is in the equation). 


[H,0,] = [Н›О] е; * 
[H5O;] = (0.8) (5)* = 0.05 M 


5. The correct answer is (D). This is a first-order reaction with a single reactant. 
A graph of the concentration plotted against time would produce a curve. By 
plotting the natural logarithm of the concentration against the time, you can 
produce a straight line. This is characteristic of a first-order reaction. A similar 
transformation is also accomplished by taking the base 10 logarithm of the 
concentration. 


6. The correct answer is (B). The order of the reaction with respect to H* is 
determined by looking at the exponent next to the [H*]. Since there is none 
written, this means it is an understood 1, which represents first-order. 


7. The correct answer is (D). Simply add the exponents for each concentration: 
(2+1)=3 
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10. 


11. 


12. 


. The correct answer is (A). In an exothermic reaction, the potential energy of 


the products will be lower than that of the reactants. The energy difference is 
due to the loss of energy as heat. The only graph that shows a decrease in the 
energy of the products is A. The other most common type of plot is B, which 
represents an endothermic reaction. 


. Thecorrect answer is (C). A catalyst does lowerthe activation energy and the 


reaction rate. However, the initial potential energy of the reactants and the final 
potential energies of the products are the same with or without catalysis. 


The correct answer is (E). Because B is not part of the rate law, it's 
concentration does not affect the rate or rate constant for the reaction (as long 
as some is present). 


The correct answer is (D). In this reaction, the rate-determining step is the 
second step. The rate law should be written from this step. However, when 
writing the rate law: 

Rate = K[NO][NOCI,] 


you enter the concentration of an intermediate, which is incorrect. You must 
rewrite the rate law in terms of the reactants. Therefore, you need to create an 
equality based on the initial equilibrium, which will allow you to substitute the 
reactants into the expression. 


NO(g) + СЫ) = NOCL(g) 
Rate = k [NO][CI,] 
Rate = k [NOCI,] 
k,[NO][CL] = k [NOCI,] 
kı 
k CSS [NOCI,] 
This can now be substituted into the rate law: 
Rate = k,[NO][NOCL,] 
kı 
Rate = k, ka [NO][NO][C1] 
which can now be rearranged. During the rearrangement, it is assumed that 
k, = is equivalent to the experimental rate law constant, k. 
Rate = k[NOP[Cl] 


The correct answer is (B). The easiest way to determine the intermediates is 
to write one equation with all of the reactants on one side and all of the products 
on the other side. For this reaction, the following equation results: 


Cl(g) + Се) + CHCL,(g) + Cl(g) + ССІ, (6) — 2CK(g) + HCK(g) + ССІ, (6) + 
ССІ, (8) 


АП substances that аге on both sides of the arrow can be cancelled: 


Cl,(g) + CHCL (e) > HCl(g) + CCI,(9) 


The intermediates are those substances that appear in the longer, first equation 
but not in the balanced equation. Although ССІ, is also an intermediate, it is not 
one of the choices in the question. 
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Free Response 


Question 1 


(A) The first question can be done in your head, but you may be asked to show your 
Work, so it is useful to be able to solve the problem both ways. The quick 
inspection method is to look at what happens to the rate when only one 
substance changes. For example, in experiment 2 the concentration of A 
doubles while the concentration of B stays the same. The reaction rate increases 
by 4, which indicates the reaction is second order for A. In experiment 3, the 
concentration of B doubles while A remains constant. This change produces no 
change in reaction rate, meaning that the reaction is zero order for B. By 
inspection, the rate equation becomes Rate = k[A]?. Using rates equations, you 
can also determine the rate law. This requires solving for the variables m and 
n in the equation: 


Rate = k[A]m[B]n 
To solve for m, we need to choose two experiments where B is constant. This 
allows us to cancel n and isolate m. 


Rate2 040Ms' _ k{0.20]"[0.10]" 


Ratel 010Ms^ x[0.10]"[0.10]" 


4=2m,2 =m 
The same is repeated for n: 


Rate3  040Ms' k[0.20]"[o.20]" 
Rate2 0.10Ms^  k{0.20]"[0.10]" 


1=2n;n=0 
Using equations, we still get Rate = k[A]?[B]°, or Rate = ДА] 
(B 


— 


To calculate the rate law, we just need to substitute some data into the equation. 
It doesn't matter which experiment we use. 


Rate = [А]? 
0.10 M s” = k(0.10 М)? 
| .0.10Ms^ 
0.01 M? 


(C) Now that you have calculated k, you can substitute the values of A and B into 
the rate equation: 


=10M's! 


Rate = ДА]? = (10 M“ s“)(0.3 M? = 0.9 M s^! 
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Question 2 


(A) To write the balanced equation, we need to write all reactants and products and 
cancel like substances: 


2NO(g) + N;O*(g) + Ho(g) + H»(g) + H)O5(g) > N202(8) + H5O5(g) + No(g) + 2H,O 


After canceling all substances that appear on both sides of the arrow, the 
equation becomes 


2NO(g) + 2H,(g) > N,(g) + 2H,O 


(B) The rate-determining step is the slow one, Step 2. 


(C) The rate law that is most consistent with this mechanism must be determined 
from Step 2, the rate-determining step. From this step, we obtain the rate law, 


Rate = k,[N,O,][H,] 


Unfortunately, we can’t use this expression because it contains an intermediate. 
We need to find a suitable replacement for N,O,. In this case, we can obtain it 
from the equilibrium ion step 1. By using the equilibrium, we can solve for N,O, 
in terms of one of the reactants, NO. 


For the forward reaction: Rate = k [NO}; 
For the reverse reaction: Rate = k [N,O,] 


The two reactions have the same rate, so they are equal to each other. You can 
set up the equality and then rewrite the expression in terms of [N,O,]. 


k [NO], = k ,[N,O,] 


kı 
[N,0,]= ү [NOP 
This can be placed into the rate equation instead of N,O,: 
Rate = k,[N,O,][H,] 
ky 
Rate = k, ы [NOF[H,] 
NS 


ko. ; 

If kl is assumed to be equivalent to the overall rate constant, k, 
-1 

the expression can then become: 


Rate = k[NOP[H,] 


(D) Because the reaction is second-order for NO, doubling the concentration of NO 
will increase the rate of reaction four times (2? = 4). 


Chapter 


Thermodynamics 


One aspect of chemical behavior that we have not looked at in much detail 
is the relationship among the energies of reactants, products, and reactions. 
Near the end of Chapter 15, you read about activation energy and how 
reactants must meet or exceed that threshold value before a reaction can 
occur. In this chapter, we will look more closely at the energy interactions 
between chemical reactions and the surrounding environment. Although 
these interactions can be quite complex, there are some basic patterns that 
you can learn that will allow you to make accurate predictions about 
chemical behaviors. 


INTRODUCTION 


In this chapter, there is some terminology that must be clear before we begin. 
The first term is the word system. The universe is a very large place and it 
would be impossible—and a bit ridiculous—to describe all energy changes 
in terms of the universe. If we are describing a chemical reaction that is 
occurring in a beaker, it is useful to be able to restrict our attention to the 
activities within the beaker without having to qualify our comments by 
including everything outside the beaker. If the beaker contains a silver 
nitrate solution reacting with a zinc strip, the beaker, the solution, and the 
zinc make up all that we are really interested in. This specific place or portion 
of the universe that we are setting aside for observation is the system. 
Everything else is considered the surroundings. This particular system 
represents an open system because it is open to the rest of the atmosphere. 
As such, the contents of the system are free to interact with the surroundings, 
and vice-versa. The most common of these interactions is the pressure 
exerted by the atmosphere on the system. Open systems exist at atmospheric 
pressure and are affected by the temperature of the surroundings. Closed 
systems are physically isolated from the surroundings. A stoppered test tube 
or a sealed flask represent closed systems. Most of the lab work that you do 
as part of the AP course takes place in an open system. 

The next term that is used or implied throughout this chapter is state 
function. A state function is a property of a system that is only related to its 
current conditions—it is not concerned with how it got to be at those 
conditions. An example would be a beaker of water at 50 °C. The beaker of 
water possesses a certain temperature, volume, and energy under these 
conditions. It does not matter if it was once filled with ice and reached 50 °C 
by being warmed or if it was once boiling and reached 50 °C by being cooled. 
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(Equation 16.1) 


(Equation 16.2) 


www.petersons.com 


The state functions, among which are pressure, volume, temperature, 
energy, and enthalpy, simply describe the substance as it is at a particular 
moment. 


THE FIRST LAW OF THERMODYNAMICS 


The first law of thermodynamics is one of the most fundamental premises 
in science. Also known as the /aw of conservation of energy, it states that 
energy can neither be created nor destroyed—it is conserved. An important 
thing to remember is that this applies to the universe, not a particular system. 
Energy can be lost or gained by a system, but the law of conservation of 
energy tells us that it doesn't just appear or disappear. It is transferred from 
one object to another in any number of forms. Any system, therefore, will 
gain and lose energy from the surrounding environment. 

The energy of a system consists of the energies of all components in the 
system at all levels, including the atomic level. There are too many energy- 
related factors to consider in a system, so the energy of a system can't be 
measured directly. We can, however, measure changes in the energy, which 
will give us an indirect look at the initial and final energies. The energy 
change in the system is defined as АЕ, which is calculated using the 
equation: 


ДЕ = E. 


‘final initial 
(In future problems, we will use the symbols “f” and “7” 
initial.) 

Energy must be defined as having a direction as well as an amount. This 
will be true for all of the measurements we discuss in this chapter. Direction 
is necessary to understand whether energy is being gained or lost by the 
system. A positive change in energy, AE, indicates energy is gained by the 
system, while a negative АЕ shows an energy loss. Energy exchanges with 
the environment are defined in terms of heat, g, and work, w. The energy of 
a system will increase as heat is added and will decrease as heat is lost. 
Likewise, work done on a system will increase its energy, while work done 
by asystem will decrease its energy. The relationship between energy, heat, 
and work can be summarized in equation 16.2, shown below: 


to represent final and 


AE=q+w 


Like E, q and w have signs associated with their directions. The value of 
q is positive when heat is being added to the system and negative when heat 
is being lost. The value of wis positive when work is done on the system and 
negative when work is being done by the system. The sign of AE will depend 
on the signs of q and w. 


ENTHALPY 


Because the systems that you are working with are under fairly standard 
conditions, you can ignore the effects of work on the system. This means that 
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the changes in energy will be related to heat. The heat that is gained or lost 
by a system is defined as the enthalpy of the system. Enthalpy is a state 
function and is defined by the symbol H. Like energy, enthalpy can't be 
measured directly. It is understood in terms of changes in enthalpy, AH. The 
change in enthalpy, AH, at constant pressure, can be defined as: 


AH = H,- H,- q, 


where qp is the heat associated with constant pressure. When pressure 
changes, work has to be considered, which makes things a bit more 
complicated. You are not responsible for knowing about this special 
situation. The sign of AH also relates to the direction of heat transfer. A 
positive value of AH indicates that the system has gained heat from the 
surroundings. We have previously described this as being an endothermic 
process. A negative value of AH indicates the system has lost heat to the 
surroundings, which is an exothermic process. 


THERMOCHEMICAL EQUATIONS 


A thermochemical equation must be balanced, include all states of each 
reactant and product, and list the enthalpy for the reaction. An example of 
such a reaction is shown below: 


N,(g) + 3H,(g) > 2NH,(g); AH =-91.8 kJ 


There are reasons forthe specific criteriain the design ofthis equation. The 
states of matter must be specified because, as you may recall, a certain 
amount of heat may be required or lost by reactants and/or products if they 
change state in the course of a reaction. Second, the equation must be 
balanced because enthalpy values for equations vary according to the 
number of moles of a substance. That is, the value of AH changes propor- 
tionally to the coefficients in a balanced equation. If you combine twice the 
amount of reactants, the enthalpy will be twice as great. This also allows you 
to place fractional coefficients in front of substances to simplify problems. 

A final assumption of thermochemical equations is that when you reverse 
the direction of a chemical reaction, you only change the sign of the 
enthalpy. For example, the synthesis of ammonia is an exothermic process 
that releases 91.8 kJ of heat. If you reverse the direction to show the 
decomposition of ammonia, the reaction becomes endothermic: 


2NH,(g) > N,(g) + 3H,(g); AH = +91.8 kJ 


Sample: The complete combustion of butane gas, C,H, in oxygen gas, О,, 
produces CO, and H,O. It is a highly exothermic process releasing 2845 kJ 
of heat per mole of butane. Write the balanced thermochemical equation, 
using all whole-number coefficients. Also, determine the enthalpy change 
in burning 50.0 g of butane gas. 


Answer: 


2C,H, (g) + 130,(g) > 8CO,(g) + 10H,O(g); AH = –5690 kJ 


4 10 


(Equation 16.3) 
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(Equation 16.4) 
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The enthalpy has to be negative because the heat is given off in the 
reaction. The quantity has to be doubled because the original value is for one 
mole of butane. Many times, fractional coefficients are used to simplify the 
equations. For example, the same reaction can be rewritten as: 


C,H,(g) + 2 0,(g) > 4CO,(g) + 5H,O(g); AH = 2845 kJ 


For the second part of this question, you know that the enthalpy change for 
one mole of butane 15 —2845 kJ. All you need to do is determine what fraction 
of a mole 50.0 g is and reduce the enthalpy by that amount: 


1 mol 
58.14 g 


The enthalpy for 50.0 g is 0.86 x —2845 kJ = —2447 kJ 


50.0 g x - 0.86 


Measuring the Heat of Reaction 


Enthalpy changes, like the ones we've just finished looking at, can be 
determined experimentally. We have described enthalpies in terms of 
energy interactions between a system and the surroundings. Enthalpy 
changes can be experimentally determined by measuring the effects that a 
substance has on its surroundings as well as the effects of the surroundings 
on the substance. In this section, we will look at how these changes are 
measured. 

Thermochemical measurements are based on the relationships between 
heat and temperature. The measurement that relates to the two is heat 
capacity, defined as the amount of heat that is required to raise the 
temperature of a substance 1 °C. (The amount of substance is sometimes 
expressed in moles or in grams.) The heat capacity of a mole of a substance 
is known as the molar heat capacity, while the heat capacity for gram 
values of a substance are known as specific heat capacities. The specific 
heat of a substance is the amount of heat required to raise 1 gram of the 
substance 1 ?C. The formula that is used to calculate specific heat is 


q-msAT 


where q is the heat required, m is the number of grams of the substance, s is 
the specific heat, and AT is the difference between the final temperature and 
the initial temperature. If you examine the equation, you will see that if you 
add equal amounts of heat to equivalent masses of different materials, the 
change in temperature will be inversely related to the specific heat. If a 
substance has a small specific heat, it will only take a small amount of heat 
to produce a large change in temperature. Likewise, a substance with a large 
specific heat requires a large amount of heat to produce a similar change in 
temperature. Water has one of the highest specific heats at 4.18 J/g ?C; 
copper, by comparison, is 0.384 J/g °C. To help you visualize this concept, 
imagine a cup of water sitting in the midday sun on a hot summer day. Next 
toit, picture anequivalent mass of copper. Now imagine picking up the piece 
of copper or sticking your finger in the water. The copper will be much hotter 
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because the addition of about the same amount of heat produced a much 
larger temperature change (due to the lower specific heat). 

The typical way to measure the heat released during a reaction is to 
measure the temperature change of the surroundings. This can be accom- 
plished by using a device known as a calorimeter. The purpose of a 
calorimeter is to create aclosed system in which to perform the reaction. The 
closed system allows the heat to be transferred entirely from the reactants to 
the surroundings without interference from the outside environment. Any 
device that insulates the reaction from the outside environment can serve as 
acalorimeter. The most basic type consists of a styrofoam coffee cup, while 
more sophisticated calorimeters are used for more accurate work. 

The premise behind the function of the calorimeter is that any heat 
released during a chemical reaction will be lost to the surroundings. This 
gain of heat by the surroundings produces a temperature change in the 
surroundings. We can use the increase in temperature as a way to detect the 
enthalpy of the reaction. To help you understand the concept of this process, 
we'll consider a very simple example. 

Consider a coffee-cup calorimeter filled with 250 g of distilled water at 
room temperature (25 °C). Now, let's say you take a 5.00 g piece of iron that 
has been heated to 100 °C by placing it in a container of boiling water for an 
extended period of time. If you place the iron into the room temperature 
water, you can probably imagine that the temperature of the iron will cool 
down while the temperature of the water will increase. The increase in the 
water’s temperature and decrease in the iron’s temperature are directly 
related to the transfer of heat from the iron to the water. The two will not stop 
changing temperature until they have both reached the same temperature. If 
the final temperature of the water is 25.2 °C, what is the specific heat of the 
unknown metal? The specific heat of water is 4.18 J/g °C. 

The heat lost by the iron will equal the heat gained by the water, so we can 
use the specific heat equation to solve the problem. 


Am = m Sin AT, 
Tuo = Mo uo АТ o 
Since 9 = q, , we can make these two equations equal to each other and 
m H,O 
solve them: 


mm sm ATm = то Smo AT, o 


(5.0 g)(s, (25.2 °C — 100 °C) = (250 g)(4.18 J/g °C)(25.2 °C — 25.0 °C) 


209 J 


5,7 374 g °С = 0.55918 °С 


NOTE 
Sometimes the 
variable c is used 
in place of s in heat 
capacity equations. 
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Inthis second type of sample, the enthalpy of areaction can be determined 
from the heat of the reaction, which will take place at constant atmospheric 
pressure. 


Sample 2: In this problem, 50.0 mL of 0.100M AgNO, and 50.0 mL of 0.100 
M НС! are mixed together. The solid silver chloride will form according to 
the reaction shown below: 


Ag*(aq) + Cl (aq) э AgCl(s) 


The initial temperature of the solution was 25.0 °C, and the final tempera- 
ture was 25.8 °C. Determine the enthalpy, in kJ/mol, for the formation of 
silver chloride. The volume of the final solution was 100 mL, and it had a 
density of 1.00 g/mL. The specific heat of water is 4.18 J/g °C. 


Answer: The temperature change of the solution is determined by the 
amount of heat lost in the reaction. Using the formula for specific heat, we 
can determine the heat gained by the solution. The mass of the solution must 
be calculated from the density: 


100 mL x 9 £ — 100 р 
1 mL 


q=ms AT 


q = (100. g)(4.18 J/g °C)(25.8 °C - 25.0 °C) = 334.4 J 


This number represents the amount of heat gained by the water. The 
problem is asking for the enthalpy in kJ/mol. To convert to this answer, we 
need to determine the molar quantities of each substance. 


0.100 mol 
50 mL of 0.100 M AgNO, = 0.050 L x TIL =5 х 10° mol AgNO, 
0.100 mol 
50 mL of 0.100 M HCl = 0.050 L x TL = 5 x 10? mol НСІ 


These two will combine to produce 5 x 10? mol AgCI. Therefore, we can 
convert the heat given in J to kJ/mol using the following procedure: 


(334.4J)(1kJ / 10007) 
5x10? mol AgCl 


= 66.9 kJ mol! 


Because the formation of silver chloride is exothermic (it caused a temp- 
erature increase in the solution), the sign must be changed to negative 
q = AH =-66.9 kJ mol! 


You Try It! 

A 2.50 kg piece of copper metal is heated from 25 °C to 225 °C. How much 
heat, in kJ, is absorbed by the copper? The specific heat of copper is 
0.384 J/g °C. 


Answer: g = 192 kJ 
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HESS’S LAW 


Hess’s law is an extremely useful principle that helps us to determine the 
enthalpies of reaction for nearly any combination of materials. It states that 
for reactions that occur in different steps, the enthalpy of reaction is equal 
to the sum of the enthalpies for each step. Hess’s law will allow us to 
calculate the enthalpy of reaction by using information about each reactant. 
In an example, let's consider the complete combustion of ethanol, C,H,OH, 
which is shown in the equation below: 


C,H,OH(/) + 30,(g) > 2CO,(g) + ЗН,О() 


If we want to determine the heat of reaction, where do we even begin? The 
easiest place is to look at a measurement known as the standard enthalpy 
of formation, AH°f. This is based on two different units, the enthalpy of 
formation, AHf, which represents the enthalpy change that occurs when a 
compound is formed from its constituent elements, and the standard 
enthalpy of reaction, AH°, which is the enthalpy for a reaction when all 
reactants and products are in their standard state (the state they exist in at 
25 °C and 1 atm). The standard enthalpy of formation is 1 mole of a 
compound from its constituent elements in their standard states. Enthalpies 
of formation can be found in many different reference books. Let’s take a 
look at how we can use enthalpies of formation to determine the enthalpy of 
reaction for the combustion of ethanol. 

There are four different substances in the equation: ethanol, oxygen, 
carbon dioxide, and water. We can use the heats of formation for each of 
these four substances to determine the heat of reaction for the combustion. 
An important thing to remember is that the heats of formation represent the 
energies of formation of a substance. For ethanol, the equation and subse- 
quent heat of formation is 


2C(graphite) + 3H,(g) + > O,(g) > С,Н,ОН@); AH°f=-277.7 КІ 


In the combustion reaction, however, ethanol is being broken apart, not 
put together. Earlier in the chapter we learned an easy way around this. All 
we have to do is turn the reaction around in the other direction and reverse 
the sign of the enthalpy. Therefore, by switching the direction we obtain the 
equation: 


C,H,OH(/) > 2C(graphite) + 3H,(g) + i Og) AH°f= +277.7 КІ 


A second consideration is the other reactant oxygen, O,. The enthalpy of 
formation for any element in its most stable state is zero. Therefore, we can 
disregard any elements in their most stable standard state. 

The final consideration is that heats of formation are listed for quantities 
of one mole. In the balanced equation for this reaction, not all substances are 
present in quantities of one mole. Asa result, the enthalpies of formation will 
have to be multiplied to account for the differences. Using Hess’s law, we 
can now combine the heats of formation for the three substances into one 
large equation: 
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C,H,OH()) — 2C(s) +3H,(g) + Og) AH, =-AH°f[C,H,OH()] 
+ 2C(s)+20(g) ә 2C0,(g) AH, = 2АН°ДСО, (8) 
+ 3H(g) + 50g) > 3H,O() AH, = ЗАНДН,0(0)] 
C,H,OH()) + 30g) > 2CO,(g) + ЗН,О(0) АН° = AH, + AH, + AH, 


We can substitute the values from a table of standard enthalpies of 
formation to determine the heat of reaction. 


AH? = AH, + AH, + AH, = 


rxn 


-AH? [C,H,OH(/)] + 2АН° [CO,(g)] + ЗАН° [Н,0(0] = 
—(—277.7 kJ) + 2(-393.5 kJ) + 3(-282.8 kJ) = -1358 kJ 


You Try It! 
Determine the standard enthalpy of reaction for the combustion of hydrogen 
sulfide gas, which proceeds according to the reaction shown below: 


2H,S(g) + 30,(g) > 29,000 + 250,8) 


The standard enthalpies for the constituents are as follows: 


Formula АН? .(kJ/mol) 
H,S(g) -20 

H,O() -285.8 

SO,(g) -296.8 


Answer: —1125 kJ 
The general equation that describes this process is 


AH? = nAH (products) - тАН? (reactants) 


where n and m represent the stoichiometric coefficients from the balanced 
equation. 


SPONTANEITY 


In the next portion of the chapter we are going to consider factors that 
determine the spontaneity of events. In the chemical context, the term 
spontaneous refers to events that will occur on their own, in a particular 
direction, and with no additional energy requirement. If a hot piece of metal 
is placed on a table, the metal will slowly cool off and its surroundings will 
warm up. When the piece of metal has cooled completely, it will be the same 
temperature as the surroundings. Reaching this temperature was a sponta- 
neous occurrence, but the piece of metal will not spontaneously get hot 
again. It can be made to get hot again, but this requires that work be done on 
it (energy must be added). Chemical reactions can occur spontaneously as 
well. Previously we looked at the addition of lead (II) nitrate solution to 
potassium iodide solution. When the two are mixed, the yellow precipitate, 
lead (П) iodide, forms without anything extra being done to the mixture. The 
reaction occurs spontaneously. It does not reverse itself and become two 
clear solutions of potassium iodide and lead (II) nitrate again. 
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Chemical reactions, like the metathesis reaction that produces lead (II) 
iodide, can occur spontaneously, just like physical processes. It was once 
believed that only exothermic processes occurred spontaneously; however, 
ithas been shown that many endothermic reactions can occur spontaneously 
as well. Another factor that must be considered when determining the 
spontaneity of a reaction is entropy. 


ENTROPY 


Entropy describes the randomness or disorder of a system. When a system 
becomes more disordered, its entropy increases. For example, when water 
evaporates, it changes froma liquid state, in which the particles are relatively 
close together and whose motion is somewhat restricted, to a gaseous state, 
in which the particles are far apart and motion is completely random. The 
arrangements of the particles have become more random, which means that 
the entropy has increased. Increases in entropy result in positive entropy 
values; decreases in entropy result in negative changes. Entropy remains 
constant, at zero, for some processes that are considered reversible pro- 
cesses. Reversible processes are at equilibrium and do not move spontane- 
ously in any particular direction. An example would be the equilibrium of 
water at the melting point, 0 °C. At this temperature, water can either freeze 
and become solid or melt and become liquid. Neither process is favored over 
the other. The water molecules that join together in the solid state can just 
as easily fall apart and become liquid again. If this equilibrium mixture is 
placed in a 25 °C room, the process will spontaneously proceed in the liquid 
direction, and melting will occur. The process is no longer reversible, and 
the water will never freeze. 


THE SECOND LAW OF THERMODYNAMICS 


The second law of thermodynamics states that for all spontaneous pro- 
cesses the entropy of the universe will always increase. This is often 
misunderstood to mean that the entropy of all parts of the system will 
increase. For example, if a small container of water is placed into a freezer, 
it will spontaneously freeze. Although the entropy of the water in the 
container decreased, a number of processes had to occur for that change to 
take place. The processes that occurred in the freezer that allowed the water 
to freeze (such as the movement of the compressor, the evaporation and 
condensation of the refrigerant, and the warming of the air around the 
container), all combine to produce a net increase in the entropy of the 
universe. 

At the molecular level, entropy is often described in terms of the motion 
of particles within a system. The motion can involve the entire particle 
moving about (translational motion), the vibrating of atoms within a 
molecule (vibrational motion), or the rotation of entire molecules of atoms 
within a molecule (rotational motion). Increases in motion are associated 
with higher entropy values. The third law of thermodynamics states that 
the entropy of a pure solid at absolute zero is zero. 
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There are a few general trends about entropy that you should become 
familiar with. The AP exam will occasionally ask you to pick, from a list, the 
substances or reactions that have the highest entropy. The general processes 
that are associated with increases in entropy include 

(a) When a solid melts (more motion is possible) 


(b) When a solid dissolves in solution (solute breaks apart and can move 
about more freely) 


(c) When a solid or liquid becomes a gas (more motion) 


(d) When a gaseous chemical reaction produces more molecules (more 
randomly moving particles) 


(e) When the temperature of a substance increases (more motion) 


Calculating Entropy Changes 


Like enthalpy, entropy can't be measured directly. It is possible to measure 
changes in the enthalpy of a system, which allows you to better understand 
the entropy of asystem under specific conditions. The entropy values for one 
mole of a substance are known as standard molar entropies, S°. The entropy 
change in a chemical reaction can be calculated using the equation: 


AS? = nAS? (products) — mAS°(reactants) 


Sample: Calculate the entropy change for the reaction shown below 
(assume that the reaction occurs at 25 ?C). 


2SO,(g) + O,(g)  250,(8) 
The standard molar entropy value for the substances in the reaction are 
SO,(g) = 248.1 J K~; SO,(g) = 256.7 J K+; O,(g) = 205.0 J K“. 
Answer: You need to begin with equation 18.6. 
AS? = nAS°(products) — mAS°(reactants) 
AS? „= 2AS°(SO,) – [2AS°(SO,) + AS°(O,)] 
А$° 22 (256.7 JK") - [2(248.1 J K- + (205.0 J K")] 
А$° „= 513.4 J K” – [496.2 J К+ 205.0 J K~] 
AS? 25134 FK - 70127 K“ = -187.8 J K` 


The negative value tells you that this is a decrease in entropy, which is 
predicted because this is a gaseous reaction in which the number of moles 
of particles decreases from 3 to 2. 


You Try It! 
Calculate the entropy change, AS”, for the reaction shown below: 
2H. (g) + O,(g) > Н,0(0 


The standard molar entropy values are H,(g) = 130.6 J K~; O,(g) = 205.0 J K7; 
HOC) 269.9 J K“ 


Answer: 326.4 J K^! 
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GIBBS FREE ENERGY 


Gibbs free energy, also known as free energy, provides a way to predict the 
spontaneity of a reaction using a combination of the enthalpy and entropy 
of a reaction. Free energy is defined as 


G=H-TS 


where T is the absolute temperature. If temperature is constant, the free 
energy change, AG, for a reaction is determined by the following equation: 


AG = AH — TAS 


The value of AG will tell us if the reaction is spontaneous. There are three 
possible values for AG: 
AG<0O The forward reaction is spontaneous. 
AG=0 The reaction is at equilibrium. 
AG>0 The forward reaction is nonspontaneous, but the reverse 
reaction is spontaneous. 

Since we already have tables of standard enthalpies and standard entro- 
pies, we can substitute these values into the free energy equation and 
determine the standard free energies of formation for substances. The 
standard free energies of formation tell you if a substance will form 
spontaneously if the constituent atoms are combined. The formula to 
determine the standard free energy change for a reaction is the same as the 
equation for the enthalpy change (except G’s are substituted for the H’ s): 


AG? = nAG? (products) = mAG? (reactants) 


Sample: Calculate the standard free energy change for the complete 
combustion of methane, CH , at 25 °C. 


Answer: 
CH,(g) + 20,8) > CO,(g) + 2H,O0(l) 


The standard free energies, AG®, for the reactants and products are CH (9) 
= —50.8 kJ mol! + 20) = 0 (free energies for all elements in their most 
stable form are zero) CO,(g) = -394.4 kJ mol! 2H,O(/) = 2237.2 kJ mol" 

AG? = nAG? (products) = mAG° (reactants) 


AG? = [AG? (CO,) + 2AG? (H,O)] – [AG^(CH.) + 2AG?, (O,)] 
AG? = [(-394.4 kJ) + 2(-237.2 kJ)] - [(-50.8 kJ) + 2(0)] 
AG?- (-868.8 kJ) — (-50.8 kJ) = -818.0 kJ 


This reaction is spontaneous. 


You Try It! 
Calculate AG? for the reaction of aluminum with iron (III) oxide. 


2Al(s) + Fe,O,(s) > ALO,(s) + 2Fe(s) 


The standard free energies, DG”, for the reactants and products are: Al(s) = 0; 
Fe,O,(s) = —740.98 kJ mol"; Al,O,(s) = –1576.5 kJ mol"; Fe(s) = 0 


Answer: —835.5 kJ 


(Equation 16.7) 


(Equation 16.8) 
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Once you begin to get a feel for the enthalpy and entropy concepts, you'll 
probably learn to eyeball a reaction and tell whether or not it will proceed 
spontaneously. There are some patterns that you can study to help you 
remember the different possible relationships between enthalpy, entropy, 
and free energy. You can learn these conceptually or from a mathematical 
perspective. All of the relationships are based on equation 16.7. 


AG = AH — TAS 


There are two conditions that always produce the same result, while two 
will vary according to temperature. If a reaction is exothermic, the potential 
energy of the reactants is greater than the potential energy of the products 
(which means the products are more stable). If entropy is positive, the 
reaction is creating more disorder. Both of these conditions are favorable, so 
ifareaction has both a negative enthalpy (exothermic) and a positive entropy 
(more disordered) it will always be spontaneous (have a negative free 
energy). The opposite is also true: if a reaction is endothermic (positive 
enthalpy) and has a negative entropy (becoming more ordered), the free 
energy will always be positive (the reaction will not be spontaneous). 

Both ofthese ideas can be understood mathematically from equation 16.7. 
If AH is negative and AS is positive, the value of AG will stay negative (a 
negative minus a positive becomes more negative). If AH is positive and AS 
is negative, AG has to be positive (a positive minus a negative becomes more 
positive). 

The other two conditions are dependent on temperature. For example, 
assume the reaction is exothermic (AH will have a negative value). If the 
expression TAS becomes sufficiently negative, AG will have a positive 
value. In order for the expression to become more negative, AS must be 
negative, and T must be large. So, for the condition where a reaction is 
exothermic and is becoming more ordered, the reaction will tend to be 
spontaneous at lower temperatures but nonspontaneous at higher tempera- 
tures. For the opposite condition, the opposite is true. If a reaction is 
endothermic, AH will be positive. If TAS is positive and small, the free 
energy will remain positive (and the reaction nonspontaneous), but as TAS 
becomes positive and larger, the free energy may become negative (and the 
reaction spontaneous). These relationships are summarized in Table 16.1. 


Table 16.1 
AH AS AG 
— + Always negative (spontaneous) 
+ — Always positive (nonspontaneous) 
— — Negative (spontaneous) at low temperature, but 
positive (nonspontaneous) at higher temperatures. 
+ + Positive (nonspontaneous) at low temperatures, 


but negative (spontaneous) at higher temperatures. 
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Sample: Predict the effect of increasing temperature on the spontaneity of 
the reaction below: 


2N,0,(g) > 4NO,(g) + O,(g) 


Answer: This is a reaction that takes place in the gaseous state. There are 2 
moles of gas particles on the left side of the equation and 5 moles of gas 
particles on the right side. The value of AS? will therefore be positive. As a 
result, the expression -TAS is negative and becomes increasingly larger as 
the temperature increases. At higher temperatures, this reaction has a better 
chance of being spontaneous. If the reaction is exothermic, the reaction will 
be spontaneous regardless of temperature. 


You Try It! 
Predict the effect of increasing temperature on the spontaneity of the 
reaction below: 


N,(g) + 3H,(g) > 2NH,(g) 


Answer: Because AS is negative, the term -TAS is positive. As the 
temperature increases, -TAS gets more positive making the reaction less 
spontaneous. If the reaction is endothermic, it will not be spontaneous at any 
temperatures; if the reaction is exothermic, it can be spontaneous at lower 
temperatures. 


Free Energy at Nonstandard Conditions 
When the reaction conditions are not standard, a new expression allows us 
to calculate the free energy. This equation, 16.9, is shown below: 


AG = AG? + RTInQ 


where R is the ideal gas constant (8.314 J mol'K~'), T is the absolute 
temperature, and Q is the reaction quotient (Chapter 12). If you recall, when 
areaction is at equilibrium, Q = K (the equilibrium constant) and AG=0. As 
aresult, when a reaction is at equilibrium, equation 16.9 can be changed to: 


AG? =-КТ К 


(Equation 16.9) 


(Equation 16.10) 
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Summary: Thermodynamics 


(a) 


(b) 


(с) 


(4) 


(е) 


(f) 


(g) 


(h) 


(i) 


Q) 


(k) 


(D 


A system is a term used to describe a discrete region of space that is 
set off in some way from the surroundings. Open systems can 
exchange matter and/or energy with the surroundings; closed systems 
can only exchange energy. 


A state function is any property of a system that is only related to its 
physical state at any particular time. Some examples of state functions 
anole, We TE 185 Jel, S, gal Gs, 


The first law of thermodynamics is the same as the law of conserva- 
tion of energy, which states that matter is neither created nor de- 
stroyed in the universe. 


The energy of a system is determined by the amount of heat put into 
or lost from a system and the amount of work either done on or by the 
system. 


Enthalpy is a measure of the heat gained or lost by a system. When no 
work is done on or by a system, energy and enthalpy are equal. 


A thermochemical equation shows a balanced chemical equation and 
the enthalpy of the reaction. 


Endothermic reactions, which require the addition of heat, have a 
positive enthalpy value. 


Exothermic reactions, which give off heat, have a negative enthalpy 
value. 


The heat capacity of an object is the amount of heat needed to raise 
the temperature by 1 °C. Sometimes the units are described as the 
energy required to raise the temperature by 1 K. Understand that a 
difference of 1 Kelvin is the same as a difference of 1 ?C. 


The specific heat of a substance describes the energy required to raise 
the temperature of 1 gram of a substance by 1 K (or 1 ?C). 


A calorimeter is a device that insulates a reaction from the external 
environment. It can be used to measure heats of reaction. 


Hess's law is a useful technique that allows us to determine the heat 
of reaction for an unknown reaction through manipulation. 


(m) Standard units apply to systems that are at standard (normal) condi- 


(n) 


(o) 


tions. Standard conditions include such conditions as 25 °C (room 
temperature) and 1 atm (atmospheric pressure at sea level). 


Spontaneous events occur on their own without any additional energy 
requirements than are present in the surroundings. 


Entropy is a measure of the disorder of a system. A positive value of 
entropy, S, refers to an increase in entropy, while a negative value of 
S describes a decrease in entropy. 
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(p) The second law of thermodynamics states that the entropy of the 
universe is always increasing. Even if a particular system is decreas- 
ing in entropy, it can only do so at the expense of the surroundings 
(which must be increasing in entropy). 

(q) Gibbs free energy describes the spontaneity of chemical reactions in 
terms of enthalpy, entropy, and temperature. Negative values signify a 
spontaneous reaction, while positive values are nonspontaneous. A 
free energy of zero denotes equilibrium conditions. 
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REVIEW QUESTIONS 


1. 


When a system experiences the following two conditions, the AE is always 
negative. 


(A) Absorbs heat and does work 
(B) Absorbs heat and has work done on it 
(C) Releases heat and does work 
(D) Releases heat and has work done on it 


(E) Because energy is always conserved, AE is always 0. 


. The specific heat of lead metal, Pb, is 0.127 J g^! °С-!. How many joules of 


heat would be required to raise the temperature of a 5.00 g sample from 25 °C 
to 35 °C? 

(A) 2.5 x 10? 

(B) 0.127 

(C) 6.4 

(D) 16.1 

(E) 394 


CH,(g) + 20,(g) > CO,(g) + 2H,O(g) 


. For the complete combustion of methane gas, CH,, represented above, AH is 


— 802 kJ. What is the value of AH if the combustion produced liquid water 
H,O(), rather than water vapor H,O(g)? (AH for the phase change H,O(g) > 
H,O(/) is -44 kJ mol.) 


(A) -714 kJ 
(B) -758 kJ 
(C) -802 kJ 
(D) -846 kJ 
(E) -890 kJ 


Substance АН?°] (kJ mol!) 


NO(g) 90.37 


O,(g) 0 


NO,(g) 33.84 


. Use the information shown above to determine the standard enthalpy change 


for the formation of nitrogen dioxide shown in the reaction below 
2NO(g) + О,(8) > 2NO,(g) 

(A) -113.06 

(B) —56.53 

(C) 56.53 

(D) 90.37 

(E) 124.21 
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C,H,(g) + 6F,(g) > 2CF,(g) + 4HF(g) 

. For the equation shown above, which material in the reaction has a AH? p 0? 
(A) C,H, 

(B) F, 

(C) CF, 

(D) HF 


(E) None; all substances have nonzero values for AH? f 


. For which of the following processes would AS have a negative value? 
I. CaCO,(s)  CaO(s) + CO,(g) 
П. H*(aq) + Cl (aq) — HCl(s) 
III. N(g) + 3H,(g) > 2NH,(g) 
(A) I only 
(B) II only 
(C) III only 
(D) II and III only 
(E) I, II, and III 


. When solid ammonium nitrate is placed into a flask of room temperature 
water and swirled, the solid dissolves and the flask gets noticeably colder. 
What conclusions can you make about the values of AH and AS for this 
process? 


(A) AH is negative, and AS is negative. 
(B) AH is negative, and AS is positive. 
(C) AH is positive, and AS is negative. 
(D) AH is positive, and AS is positive. 


(E) Not enough information is provided to make a valid conclusion. 


. Which of the following reactions involves the largest increase in entropy? 
(A) AgNO, (aq) + HCl(aq) > AgCl(s) + HNO. (aq) 

(B) N,(g) + O,(g) > 2NO(g) 

(C) 2NO(g) + O,(g) > 2NO,(g) 

(D) 2KCIO,(s) > 2KCI(s) + 30,(g) 

(E) 2SO,(g) + 0,(g) > 2SO,(g) 


. Areaction is spontaneous only at high temperatures. The signs of AH? and AS? 


must be 

(A) AH? = +, AS? = + 
(B) AH® = +, AS° = – 
(С) AH? = –, AS? = + 
(D) AH? = -, AS? = – 


(E) You can't answer this without knowing the free energy. 
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Substance AS? (J mol! К+!) 
N,(g) 191.5 
H.(g) 130.6 
NH,(g) 192.5 


10. 


11. 


Based on the information above, what is the AS? for the reaction shown below? 


N,(g) + 3H,(g) > 2NH,(g) 
(A) -129.6 J K” 

(В) -198.3 J K^ 

(C) 192.5 J K^ 

(D) 585.3 J K^! 

(E) 968.3 J K^! 


N, +O, > NO 
The reaction indicated above is thermodynamically nonspontaneous at 298 K, 


but becomes spontaneous at higher temperatures. Which of the following is 
true at 298 K? 


AG | AH | AS 
(A) | + + + 
(В) |- | - | - 
(С) }- |- | + 
Ф) |- | + |- 
(E) | + + - 


12. 


If the free energy, АС, for a reaction is negative, what must the value of the 
equilibrium constant, K, be for that reaction? 


(A) K>1 
(В) K<1 
(С) К= 1 
(D) K=0 
(E) Капа AG? are not related. 
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Free Response 


Question 1 

Acetylene gas, C,H,, is used in gas welding procedures and is a very 
important commercial gas. Use the data below to answer the following 
questions about the combustion of acetylene gas. 


Substance AH?, (kJ mol") S? (J mol! К^!) 
С,Н (8) 227 200.9 
O,(g) 0 205.0 
CO,(g) -393.5 213.7 
Н,0(0 -285.8 69.9 


Use the data above to answer the questions that follow. Assume all reactions 

occur at 25 °C. 

(A) Write a complete balanced chemical equation for the combustion of 
acetylene, C,H,. Assume that СО, (g) and H,O(/) are the only prod- 
ucts. 

(B) Calculate the standard enthalpy change, АН°, for the combustion of 
acetylene. 

(C) Calculate the standard entropy change, AS°, for the combustion of 
acetylene gas. 


(D) Determine the value of AG? for the reaction. 
(E) If 1 mol of C,H, is burned and all of the evolved heat is used to heat a 


6.00 kg of pure water, what will the temperature change of the water 
be? The specific heat of water is 4.18 J е! K”. 


Question 2 
(A) An ice cube is placed in a flask at room temperature and allowed to sit 
until the temperature of the water in the flask has reached room 
temperature. Describe the changes in enthalpy, entropy free energy, 
and temperature that occur during the time interval. 


(B 


— 


40.0 g of sodium hydroxide pellets are added to 500 mL of water, and 
most of it dissolves very quickly. The temperature of the system 
increases. Describe the changes in enthalpy, entropy, and free energy 
during this process. 


(C 


— 


Commercial instant ice packs are available that contain a mixture of 
ammonium nitrate and water separated by a barrier. When the ice 
pack is twisted, the barrier breaks and the two substances mix. The 
temperature rapidly decreases as the ammonium nitrate dissolves in 
the water. Describe the changes in enthalpy, entropy, and free energy 
during this process. 
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ANSWERS 
1. 


The correct answer is (C). AE is determined by the sum of the heat and work 
(а + у). The system loses energy when it releases heat or does work. When the 
system gains heat or has work done on it, it gains energy. Losses of energy are 
shown as negative energy values and gains are expressed using positive values. 
The only way to guarantee the AE will be negative is to release heat and do 
work. 


. Thecorrect answer is (C). In this problem you need to use the equation 16.4: 


q=ms AT 
You will need to solve for g by substituting the given information: 
q = (5.00 g)(0.127 J g—1 °C')(35 °C – 25 °C) = 64 


. The correct answer is (E). In this problem the enthalpy of reaction has already 


been determined. The only step, therefore, is to determine the effect of the 
additional heat loss of 44 kJ mol" as the water condenses. For each mole of 
gaseous water vapor, an additional 44 kJ of heat will be lost. Because the 
balanced equation shows two moles of water vapor, the total released during 
condensation is 88 kJ. Therefore, the total heat loss in the reaction will be -802 
kJ + (-88 kJ) = —890 kJ. 


. The correct answer is (A). This question requires the use of equation 16.5: 


AH? = пАН?° (products) - тАН? (reactants) 


rxn 


АН? = [(2)(33.84 kJ] — [(2)(90.37 KJ) + 0] = –113.06 kJ 


. The correct answer is (B). All elements in their most stable form have a 


AH'-0 


. The correct answer is (D). A negative value for AS means that a substance is 


decreasing in entropy, or becoming more organized. In I, a solid is forming a solid 
and a gas. The conversion from solid or liquid to gas always increases entropy. 
In II, ions in solution are much more free to move randomly about than ions 
packed in a solid crystalline lattice. Therefore II experiences a decrease in 
entropy. In Ш, the reaction reduces the number of gas particles, which decreases 
the entropy. Both II and III decrease the entropy, making it more negative. 


. The correct answer is (D). There are two different events that need to be 


considered here—the enthalpy and entropy. As far as the enthalpy goes, the 
decrease in temperature indicates an endothermic process (heat is being 
removed from the surroundings to energize the process). Endothermic pro- 
cesses have positive values for AH. The next consideration is the entropy. The 
solid is dissolving in the water, which means that the dissolved ions have much 
more freedom or rotation than their crystallized counterparts. Therefore, the 
dissolving increases the entropy of the ammonium nitrate, making AS more 
positive. 


8. 


10. 


A 
11. 


12. 
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The correct answer is (D). One of the major things to look for on a question 
like this is the number of reactants and product particles and their states. The 
largest entropy changes will be associated with transformations from solids or 
liquids to gases. In the event that several choices lists gases as reactants and/or 
products, look for the number of moles of each. An increase in the number of 
moles of gas increases the entropy, while a decrease in the number of moles 
signals a decrease in the entropy. 


. The correct answer is (A). There are two ways to work this problem. The first 


is to memorize the different possible combinations of AH and AS and the 
corresponding values of AG. There is so much material that has to be 
memorized already that this may not be the best approach. The more efficient 
approach is to use the equation AG? = AH? — TAS?. By substituting various 
values into the equation, you can determine the sign of AG? (remember, 
negative indicates spontaneous, while positive is nonspontaneous). At high 
temperatures, the value of TAS? becomes large enough to make AG? negative. 


The correct answer is (B). To calculate AS?, you need to use equation 16.6 
and the given values: 
AS? = nAS°(products) — mAS°(reactants) 


rxn 


S? = [(2)(192.5 J K] - [(D(191.5 J K) + (3)(130.6 J K“)] = -198.3 J K! 


The correct answer is (A). This is just a variation of question 9. The reaction 
has a positive enthalpy and entropy at all temperatures (just like question 9). 
What will vary according to the temperature is the free energy. Because the 
problem tells you that the reaction is nonspontaneous at 298, it has to have a 
positive value (since a negative free energy indicates a spontaneous reaction). 


The correct answer is (A). There are two ways to do this one. One solution 
is more mathematical and involves the use of equation 18.10, AG = -RT In К. 
AG can only be negative if In K is a positive value. Any value less than 1 
produces a negative natural logarithm, and a value of | produces a natural log 
of 0. Therefore, only when K > 1 can you have a negative AG. The other way 
to solve this is to use the conceptual idea that a spontaneous reaction will favor 
the products. Therefore, K is greater than 1 for a spontaneous reaction. 
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Question 1 
(A) 2C,H,(g) + 50,(g) > 4CO,(g) + 2H,O(I) 
(B) 2600 kJ. You need to use equation 16.5 to solve part (B). To simplify 


things, we will solve the equation for the combustion of 1 mole of 
acetylene. This can be accomplished using the balanced equation: 


C,H,(g) + =0,(g)  2CO,(g) + HOW 
АН° = nAH (products) - тАН? (reactants) 


АР? = [(2)(—393.5 kJ) + (1)(285.8 kD] - [(1)(227 kJ) + 0] = 
(-1072.8 kJ) – (227 kJ) = -1300 kJ 


Because this is determined for 1 mole of acetylene, this can also be 
written 1300 kJ molt 


(C) To calculate the standard entropy change, use equation 18.6: 
AS? „= nAS" (products) — mAS"?(reactants) 


AS? = AH® = 
[(2)(213.7 J K^) + (1)(69.9 J K-)] - [(0(200.9 J K^) + (5/2)(205.0 J K)] = 
(497.3 J K`) -(713.8J К!) = -216 J К 


You have to remember that elements have zero values for AH and AG, 
but not for AS. 
(D) To solve for AG°, you need to use equation 16.7: 
AG = AH — TAS 


AG = -1300 kJ - (298 K)( 216 J K')(1 kJ / 10° J) = 
—1300 kJ + 64.4 kJ = -1236 kJ 


From the answer, you know that the reaction is not spontaneous at 
room temperature. Some logic will help you to validate this: Most 
gases require that you add energy (e.g., a spark, a match) before they 
will react with oxygen. 


(E 


че 


This is a specific heat problem. The first thing that you need to do is 
determine the amount of heat that will be generated from the combus- 
tion of 1 mol of C,H,. Because no heat is lost in the heating of the 
water, you can assume that the heat lost by the acetylene will be equal 
to the heat gained by the water. This heat will be used to determine 
the temperature increase of the water. 


AH = (1 mol C,H,)(-1300 kJ mol) = 1300 kJ 


This amount of heat will be the heat, q, used in equation 16.4. 
However, because the heat lost by the acetylene will equal the heat 
gained by the water, the value of q will need to be changed to positive 
in equation 16.4: 


q-msAT 
1.30 x 10° J = (6000 g H,O)( 4.18 J g“ K') AT 


AT = 51.8 К = 51.8 °C (since a change of 1 K = 1 °C, AT will produce 
the same value for K or °C). 
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Question 2 
(A) The ice cube will not melt unless heat is added. Therefore, AH is 


(B) 


(C) 


positive, denoting an endothermic process. Liquid water has more 
freedom of movement and therefore will possess a greater entropy, so 
AS will be positive. This process occurs spontaneously, so AG must 
be negative. The temperature increases during this transformation. 


The amounts are really meaningless in this problem. The key pieces 
of information are the words dissolved and that the temperature 
increases. Because the temperature of the system increases, the 
dissolving must be an exothermic process, meaning that AH « 0. The 
sodium hydroxide dissolves in solution, meaning that the crystalline 
lattice breaks apart into solvated ions. This is a much less orderly 
formation, which means the entropy has increased. Therefore, AS > 0 
in this process. Because the dissolving occurs spontaneously, AG 
must be negative. 


Because the temperature decreases, the process is endothermic. 
Therefore, AH » 0. The ammonium nitrate dissolves in the water so 
the entropy increases (AS > 0). The process occurs spontaneously, 
which means that AG must be negative. 


439 


www.petersons.com 


Chapter 


Electrochemistry 


You had a brief introduction to the topic of electrochemistry in Chapter 10 
when you reviewed the oxidation-reduction process in which reactions 
occur by the transfer of electrons. One of the procedures you looked at was 
the half-reaction method of balancing redox equations. In this chapter, we 
will be looking at the oxidation and reduction process in even more depth. 


REVIEW OF OXIDATION AND REDUCTION 


Oxidation and reduction reactions, also known as redox reactions, involve 
the transfer of electrons from one substance that is being oxidized (losing 
electrons) to another that is being reduced (gaining electrons). A very 
common example of a redox reaction, one that you may very well have done 
in the lab, is the reaction that occurs when you place clean, iron nails into a 
copper sulfate solution. In this reaction, shown below, iron is oxidized and 
copper is reduced: 


Fe(s) + Cu**(aq) > Cu(s) + Fe?*(aq) 


Two electrons are removed from iron by the copper ion. The iron, now an 
ion, moves into the solution, while copper, now a solid, forms on the surface 
of the nail. This process can be summarized using redox half-reactions 
(Chapter 10), such as the one shown here: 


Oxidation: Fe — Fe” + 2e 


Reduction: Cu* + 2e > Cu 


The half-reaction shows the transfer of the electrons that occurs in the 
reaction. 


VOLTAIC CELLS 


A voltaic cell (also known as a galvanic cell) is a device that allows for the 
transfer of electrons (in a redox reaction) to be completed in a separate 
pathway from the reaction mixtures. In a voltaic cell, the two half-reactions 
are physically separated from each other by placing them into two separate 
reaction vessels. The electrons are transferred from one vessel to the other 
by aconnecting wire (see Figure 17.1). In voltaic cells, the reactions in each 
vessel must be spontaneous. In figure 17.1, in the reaction on the left, a zinc 
strip is placed in a zinc sulfate solution, where zinc from the strip replaces 
zinc in solution (Zn  Zn?* + 2e"). In the reaction vessel on the left, the zinc 
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strip will lose mass over time. Electrons create an electric potential differ- 
ence across the wire, which is also known as a voltage. The voltage across 
the wire will allow electrons to be forced from the zinc strip, across the wire, 
to the copper strip. However, an electric current cannot be established until 
the circuit is completed. 


Zinc 


(anode) (cathode) 


Zn > Zn?* + 2e^ Cu?* + 2е7 > Cu 
Oxidation Reduction 


Figure 17.1 


The circuit can be completed in a couple of difference ways, but in Figure 
17.1, the circuit is completed by the use of a salt bridge. The salt bridge is an 
inverted U-tube into which a gel that contains a dissolved salt is placed. The 
gel is needed so the salt solution won’t run into the reaction vessels. In Figure 
17.1, the anion in the salt bridge is labeled as “А” and the cation as “С”. The 
salt bridge allows ions to pass from one vessel to the other so that the reaction 
can proceed. The positive ions (Zn?*, Cu?*, and C*) move toward the copper 
strip, while the negative ions (50,27, A`) move toward the zinc strip. 

The force that allows a current to travel through wire is voltage. An 
electrical current can flow when there is a difference in electrical potential 
(voltage) from one location to another (this is created by a potential energy 
whose origins are electrostatic forces between charged particles). There is 
a fairly good analogy that can help you understand the idea of electric 
potential and the flow of electrons. If you were to turn on a water spigot on 
which a closed-up garden hose had been placed, the hose would fill up, but 
no water would flow. At this point, there is a water pressure that has built up 
inside the hose, but because there is nowhere for the water to exit, the 
pressure stays built up in the hose. The pressure at one end of the hose is no 
different from the pressure at the other end of the hose, and as a result, 
nothing happens. If you unplug the end of the garden hose, suddenly there 
is a difference in pressure between the ends. This difference allows the water 
to flow from the end where the pressure is highest to the end where it is 
lowest. Electrons will move from an area of high electrical potential 
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(voltage) to an area of low electrical potential. Moving electrons allow 
current to flow. 
Another important part of the water analogy is that the water that initially 
comes out ofthe hose is not the water that is coming out of the spigot. Instead, NOTE 
it is water that is being pushed out of the end of the hose by the pressure In an electric 
exerted by the water at the spigot-end of the hose. In a similar fashion, the circuit, the current 
electrons that are entering the copper strip are not the electrons that were actually LOWE m die 
leaving the zinc strip. The electrons in the zinc strip create a "pressure" рог clear 
(voltage) that forces electrons in the wire to move onto the copper strip. Mec DNE 
Itis easy to think that the electrons that are being created in the zinc vessel tion you are not 
are the same electrons that are reducing copper in the copper vessel, but this expected to know. 
is not the case. The electrons in the zinc vessel are helping to create the 
voltage that will allow electrons in the wire and/or copper strip to reduce the 
copper ions. Another concept that may seem strange to you is the idea of 
current. Current is actually said to move in the direction opposite the flow 
of electrons. The current in this circuit is actually moving from the copper 
vessel to the zinc vessel. On the AP Chemistry exam, you do not need to 
know any of these details. What you are accountable for is understanding the 
basic workings of a voltaic cell, what voltage is, and the nature of the 
reactions that are occurring on the vessels. The more complicated ideas of 
current and movements of electrons are more thoroughly discussed in 
physics classes. 
There are several terms you should be familiar with for voltaic cells. First, 
the voltage that is impressed across the circuit (that is, the difference in 
electrical potential between the zinc strip and the copper strip) is known as 
the cell voltage, which is also occasionally called the cell potential or the 
electromotive force, EMF. The copper electrode, because it becomes 
negatively charged and attracts cations, is known as the cathode. The zinc 
electrode becomes positively charged and is known as the anode. You are 
expected to know which part of the reaction takes place at the cathode and 
which place takes place at the anode. These can sometimes be difficult to 
remember, so a simple mnemonic device can help you distinguish between 
the two. Oxidation occurs at the Anode (note how each term starts with a 
vowel), and Reduction occurs at the Cathode (note how each term starts with 
a consonant). 
To summarize voltaic cells, let's review the components that create the 
cell. First, you need two half-cells, each of which contains an electrode 
immersed in an electrolytic solution (typically containing the cation of the 
metal in the electrode). A spontaneous reaction must occur between the 
electrode and the solution. A wire connects the two electrodes and will allow 
the external flow of electrons from the anode to the cathode. In figure 17.1, 
a voltmeter is shown as part of the circuit between the two electrodes. This 
is nota necessary part ofthe circuit—it is simply there to measure the voltage 
across the circuit. The salt bridge completes the electric circuit and allows 
the flow of cations and anions between the two half-reactions. Sometimes 
a porous disc is used in place of a salt bridge. The driving force for the current 
is the difference in potential energies between the two half-cells. 
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(Equation 17.1) 


(Equation 17.2) 
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Cell Potentials and the Reduction Potential 


The voltage (or electrical potential) across the circuit is described as the cell 
voltage and defined by the symbol Е, „џ. When the half-cells contain 1 M 
solutions at 25 *C and 1 atm pressure, the cell voltage is called the standard 
cell voltage or standard emf and is labeled as E ?,,. The cell voltage is 
determined by the difference between the two electrode potentials. The cell 
voltage is determined according to equation 17.1 below: 


ES =E «He 
ох red 


cell 


The subscript “ox” is short for oxidation potential, which is the ability of 
the anode to produce electrons (through the oxidation half-reaction), and the 
subscript “red” is short for reduction potential, which is the ability of the 
reduction half-reaction to gain electrons at the cathode. 

You have probably worked with tables of standard reduction potentials 
before. These tables provide the reduction potentials of various substances. 
It describes an oxidized species’s ability to gain electrons in areduction half- 
reaction (like copper in the voltaic cell example). According to this defini- 
tion, we can use a value from the table to represent the Е° eq in the expression 
above, but how do you find the E °,,? 

Very conveniently, the oxidation potential is the reverse of the reduction 
potential. For example, consider the oxidation of zinc in our previous 
example: 


Zn o Zn* -2e 


In its reduction, the zinc ion will need to gain 2 electrons, making the 
reduction of zinc exactly opposite the oxidation: 


Zn* + 2e — Zn 


Because oxidation is simply the opposite of reduction, it is only necessary 
to create a table of one of the values. By convention, the reduction potential 
is used in tables, and the values are typically given for the standard reduction 
potential, E?, also written E° eq; in units of volts, V. Because oxidation takes 
place at the anode, this is the value that will need to be reversed (since 
oxidation potential 2 —reduction potential). Therefore, we can rearrange 
equation 17.1 so we can use values from the reduction potential tables: 


E E 


cell — ‘cathode — E node 

From a conceptual perspective, the size of the reduction potential helps to 
illustrate a substance's tendency to be reduced. A large (more positive) value 
for the reduction potential indicates that a species will be more easily 
reduced (the oxidized species will gain electrons). The more positive the 
value, the more likely the substance will gain electrons. If you remember 
back, this means that the substance will have to take those electrons from 
another substance. Therefore, the more likely a substance is to gain elec- 
trons, the more likely it is to take them from another substance. The term to 
describe a substance that removes the electrons from another (oxidizes it) 1s 
an oxidizing agent. 
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Large negative values indicate that the substance is more easily oxidized 
(will lose electrons). Because this oxidation will require another substance 
to be reduced, the oxidized substance is known as a reducing agent. The 
substances with the most negative reduction potentials are the best reducing 
agents. Lithium is the most easily oxidized substance (and therefore the best 
reducing agent), and fluorine is the most difficult substance to oxidize (and 
as a result is the best oxidizing agent). This is consistent with what you 
learned about the electronegativity and ionization energy values for these 
substances (Chapters 3 and 5). 


Sample: Which is the better oxidizing agent, Cl (aq) or Fe**(aq)? Which is 
the best reducing agent, Al(s) or Cu(s)? 


Answer: The best oxidizing agent will be the substance that is the easiest to 
reduce (has the most positive reduction potential). To determine the reduc- 
tion potential of these two species, you need to locate the half-reaction that 
shows each as the reactant. Chapter 1 has a table of standard reduction 
potentials that you can use for this question. The values for CL, and Fe?* are 


Cl(g)+2e 2CL 1.36У 


Fe**(aq) + e- 0.77 V 


Since Cl, has the largest (most positive) value, it is the best oxidizing 
agent. 

On the second question, the best reducing agent is the substance that is 
most easily oxidized (thereby reducing the other substance it comes into 
contact with). Therefore, the best reducing agents will have the most 
negative reduction potentials. If we consult the table, we find that: 


Al*(aq)+3e—> Al -1.66 V 


Cu**(aq) + 2e > Cu 0.34 V 


Cu** was chosen because it is the most common form of copper ion in 
solution. Regardless of which copper had been chosen, however, aluminum 
is clearly more negative and therefore a better reducing agent. 


You Try It! 
A. Between Zn?*(aq) and Pb?*(aq), which is the best oxidizing agent? 
B. Between Ag(s) and Au(s), which is the best reducing agent? 


Answers: A. Pb**(aq) B. Ag(s) 


Sample: A voltaic cell is created with two half cells. In the first half cell, a 
copper electrode is placed in a 1.0 M Cu(NO,), solution. In the second half 
cell, a tin electrode is placed in a solution of 1.0 M Sn(NO,),. A salt bridge 
is placed between the two half cells to complete the circuit. Assume tinis the 
anode. Calculate the cell voltage of the voltaic cell. 
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Answer: To solve this, we need to use equation 17.2, along with the 
reduction potentials of the two materials. 


E 


cell = E anode = E node 


We are told that tin is the anode, so we can set up the equation so that: 


Eu = En, а Es, 


Looking up the reduction potentials, we determine that: 


Cu**(aq) + 2е > Cu 0.34 V 


Sn**(aq) + 2e > Sn -0.14 V 
Substituting these values into equation 17.2, we determine that: 


E = 0.34 - (-0.14) = 0.48 V 


cell 


Summary of Voltaic Cells 


The difference between the cathode and anode represents the difference in 
potential energies. Because oxidation occurs at the anode and reduction 
occurs at the cathode, the substance in the cell that is highest (most positive) 
on the chart of reduction potentials will be the cathode. That's how you can 
determine the anode and cathode if you are not given that information. 

If a voltaic cell is to run spontaneously, the reduction potential at the 
cathode must be higher (more positive) than the reduction potential at the 
anode. This will allow the reaction at the anode to proceed as an oxidation 
(rather than a reduction). The greaterthe difference in potentials between the 
cathode and anode, the greater the cell voltage. E or E? will be positive for 
spontaneous processes and negative for nonspontaneous ones. 


You Try It! 

In a voltaic cell, a zinc electrode is placed in a solution that is 1.0 M for Zn”, 
while a copper electrode is placed in a 1.0 M Cu” solution. Calculate the cell 
potential for the voltaic cell. (Assume a salt bridge is in place.) 


Answer: 1.10 V 


The Activity Series of Metals 


If you recall, in Chapter 10 we described the activity series for metals. This 
list helps predict the behavior of metals in chemical reactions (particularly 
replacementreactions). Based upon the activity series of metals, if a material 
is higher than another on the list, it can replace the metal below it. What that 
really means is that the metal below it exists as a cation, and the other metal 
is giving it electrons or reducing it. Therefore, if a metal is a better reducing 
agent than another, it will replace the other substance (by reducing its 
cation). Therefore, if we consider placing a magnesium strip in a solution of 
nickel (II) nitrate, we would expect to the reaction to proceed as: 


Mg(s) + Ni(NO,),(aq) > Mg(NO,),(aq) + Ni(s) 


Chapter 17: Electrochemistry 447 


Or, more simply put: 
Mg(s) + Ni?*(aq) > Mg**(aq) + Ni(s) 
If you wanted to determine the standard emf for this reaction, it will be 


calculated as: 


E E =F nod 7 E ni — E m = —0-25V -(-237V) = 2.12 V 


cell ^ “~ cathode anode Ni 


THE RELATIONSHIP BETWEEN emf 
AND FREE ENERGY 


In Chapter 16, we showed the relationship between free energy and the 
spontaneity of a reaction. If you recall, a negative value for AG indicated a 
spontaneous reaction. In the last section, we saw that a positive cell voltage, 
or emf, indicates a spontaneous process. The free energy and emf can be 
related in equation 17.3, which states 


AG =-nFE (Equation 17.3) 


(where n is the number of moles of electrons transferred and F is Faraday’ s 
constant, 96, 500 J V-! molle"). 

Because n and F are both positive, a positive cell emf (spontaneous 
reaction) will produce a negative AG (spontaneous reaction). On the AP 
exam, the symbol for Faraday’s constant is written as =. 


Sample: Calculate the standard free-energy change for the reaction shown 
below: 
Zn(s) + 2Ag*(aq) > Zn**(aq) + 2Ag(s) 


Answer: To solve the problem we need to know the values for п and E. Let's 
begin by looking at Е. Zinc is the anode in this reaction, and silver is the 
cathode. You can tell this in two ways: the first is that the reduction potential 
forsilveris more positive than zinc, and second because silveris being reduced 
in the reaction. Knowing this, we can use equation 19.2 to determine E. 


cell ^ cathode — '- anode 


E ,- E E poa = Ё°ь— Ё, = 0.80V – (-0.76V) = 1.56V 


We already know that this will occur spontaneously because of the 
positive value for E. In the reaction, two electrons are transferred from Zn 
to 2Ag*, which is evident from the half reactions shown below: 


Zn(s)  Zn*'(aq) + 2е (5) 
2Ag'(aq) + 2е > 2Ag(s) 


Because the value of is 2, we are ready to substitute our data into equation 
17.3: 


AG =-nFE 


AG = -(2)(1.56V)(96,500 J V-! molle?) = –3.01х105 J. Because free 
energies are given in kJ mol", we can convert out answer to kilojoules: 


—3.01 x 105 J = 2301 kJ 
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(Equation 17.4) 


(Equation 17.5) 


(Equation 17.6) 
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You Try It! 
Calculate the standard free-energy change for the reaction shown below: 
Cu?*(aq) + Fe(s)  Cu(s) + Fe’*(aq) 


Answer: —151 kJ 


THE NERNST EQUATION 


In the examples used so far, we have only considered cases where the 
concentration of the solutions in each half-cell was 1.0 M. However, the 
concentration of the reactants and products in the half-cells does affect the 
emf. We just finished showing how free energy and emf are related. In the 
last chapter, we saw how the concentrations of reactants and products affect 
the free energy in equation 16.9: 


AG = AG? + RTInQ 


By combining this equation with equation 17.3, AG = -nFE, we come up 
with a new expression, 


-nFE = (-nFE)° + RT In Q 


If this equation is rearranged to solve for E, it becomes the Nernst 
equation, 
RT 
—lIn 
nF Q 
This expression can also be written using the base 10 logarithm as opposed 


to the natural logarithm. In this form, the equation reads 
2.303 RT 
_———— lo 
nF 


Because R and F are constants, the expression can be simplified if the 
reaction takes place at standard temperature (remember, you have to use the 
absolute temperature in this expression, so standard temperature is 298 K). 
The simplification is shown below: 


2.303RT 2.303(8.31 Jmol K "(298 К) 0.0592 
nF n(96,500J VI тое) "7 m 


E=E°- 


zs о 


gQ 


If this is substituted into equation 19.5, at standard temperature, the 
equation becomes 


0.0592 


n 


E=E°- log Q * 


In the You Try It! from the voltaic cells section, you looked at the reaction 
below: 


Zn(s) + Cu**(ag) > Zn**(aq) + Cu(s) 
(where each solution began at 1.0 M concentration). 
* Tf you actually try to perform the calculation shown, you will obtain 0.059 1/n, rather than 0.0592/n. 


The actual value is obtained using the non-rounded values for each number (2.303)(8.314)(298.15)/ 
(96485) = 0.0592 


Chapter 17: Electrochemistry 449 


In that problem, the emf was calculated at 1.10 V. Let's use the Nernst 
equation to determine what would happen if we used a concentration of 0.1 
M Cu% solution instead of 1.0 M. 

To start with, the reaction quotient, Q, will only contain the concentrations 
of the ions, since the neutral atoms are both in the solid state. Therefore, О 
will be: 


dz]. 1.0m 


Q= [Си] ~ 0.10M 


Substituting this into the simplified Nernst equation, equation 19.6, we 
obtain 


0.0592 0.0592 V | 1.0M | 
Е=Е°— og 


log 0=110У-——5 ETT. 


E = 1.10 V — [(0.0296 V)(1)] = 1.07 V 


ELECTROLYSIS 


So far, we've focused our attention on voltaic cells, which rely on sponta- 
neous chemical reactions to drive them. In this section, we will look more 
closely at a different type of cell—one that requires electrical energy from 
an external source to allow a nonspontaneous reaction to occur. This new 
type of reaction is known as electrolysis, and it takes place in an electro- 
lytic cell. 

An electrolytic cell is similar to a voltaic cell, but there are some slight 
differences. One of the first differences is the source of electrons. In the 
voltaic cell, the source of the electrons is the spontaneous oxidation that 
occurs at the anode. Because no spontaneous reactions occur in an electro- 
lytic cell, the source of electrons is a dc (direct current) power supply. The 
power supply forces electrons to the cathode rather than the potential of the 
half-reactions. The cathode in an electrolytic cell acquires a negative charge 
(which is opposite from a voltaic cell) because electrons are being forced 
onto it, while the anode takes on a positive charge (which is opposite 
from a voltaic cell) because electrons are being removed from it by the 
power supply. 

The electrodes in an electrolytic cell are placed in a container with either 
a solution or a molten salt. The important feature is that there are ions 
available to interact at the electrodes. Even though the signs on the 
electrodes are reversed, the same process occurs at each. Oxidation still 
occurs at the anode as the anion in the cell is attracted to it and will lose its 
electron(s) there. For example, in a cell containing molten sodium chloride, 
the Cl ions will be attracted to the anion and be oxidized at the electrode. The 
neutral chlorine atoms will react to form chlorine gas, which bubbles out of 
the cell. The sodium ions will be attracted to the cathode, where they will be 
reduced. As the electrons are added to the sodium ions, the sodium will begin 
to "plate out" on the electrode. That is, the metal begins to form on the 
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electrode. In this particular example, an aqueous solution of sodium chloride 
would not form sodium and chlorine because the water would be attracted 
to the electrodes before the two ions. 

Because the reaction in an electrolytic cell is nonspontaneous, a certain 
amount of voltage must be applied across the circuit to cause the reaction to 
occur. The minimum voltage required to force the reaction is determined 
using equation 17.2. For example, if an electrolytic cell contains molten 
MgCL, we can determine the minimum emf for the cell. To begin, we need 
the half-reactions and reduction potentials of each substance. 


Cathode: Mg?*(I) + 2e > Mg(s) E? a = 72.37 


Anode: 2CM) > Cl(g)*2e ^ E?,,-1.36 
These values are then used to determine the minimum emf: 


E = E° E? = -2.37 V — 1.36 V = -3.73 V 


cell ^- E lods ~ Е iie = Mg cl 


You Try It! 
What is the minimum emf required for the electrolytic cell containing 
molten KCl? 


Answer: —4.28 V 


Special Considerations for Aqueous Solutions 


In the last section, we looked at an electrolytic cell containing molten NaCl. 
Very high temperatures are needed to melt sodium chloride, so you might 
ask, “Why can’t we just dissolve it in water and do the same thing?” Before 
answering that question, you may wish to consider a procedure that you may 
have seen demonstrated for you (or even performed) in an introductory 
class—the electrolysis of water. Water can also be separated into hydrogen 
and oxygen gas at the electrodes of an electrolytic cell. The question must 
now be reconsidered: If you dissolve salt in water and place it in an 
electrolytic cell, which of the following will collect at the electrodes: sodium 
and chlorine or hydrogen and oxygen? 

The first step to answering this question is to determine from which 
electrode the hydrogen and oxygen will be liberated. The cathode will attract 
the hydrogen ions (which are positively charge), while oxygen is created at 
the anode. The next consideration must be which substance will react at each 
electrode. 

At the cathode, two different reactions are possible: 


2H,O()) + 2e- >H, (g) + 20H (aq) E? ,7 0.83 V 


Na'(aq) + e — Na(s) E? =-271У 


Barlier, we said that the more positive the reduction potential, the more 
likely the reduction would be. Since the first value is more positive, 
hydrogen gas, Н», is more likely to be produced at the cathode. Now let's 
take a look at the anode to see which is more likely to be oxidized there. 
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2СГ (аа) > Clg) + 2e E° ,7136 V 


2H,0(I) — 4H*(aq) + O,(g) + 4e EP ,=1.23V 


The oxidation of water is slightly favored at the anode, but the values are 
quite close to each other. If any extra voltage is applied, it is likely that 
chlorine gas will form at the anode. The difference between sodium and 
hydrogen, however, is so large that sodium will not be produced. The only 
way to produce the pure sodium is in an electrolytic cell with molten sodium 
chloride (or some other similar salt). 


You Try It! 
If aqueous MgCl, is placed in an electrolytic cell, what will the products be? 


Answer: Cathode: H,(g); Anode: O,(g), or Cl,(g) 


Purification of Metals by Electrolysis 


In the section on voltaic cells, we saw that the anode lost mass over time (as 
the metals were oxidized and went into solution), while the cathode gained 
mass over time (as the cations were reduced and plated on the surface. The 
voltaic cell, however, requires spontaneous reactions in each half-cell, 
which limits the types of electrodes that can be used. In an electrolytic cell, 
because we are adding electric current to the cathode and the anode, we can 
force nonspontaneous reactions to occur. In some cases, this allows us to use 
electrolysis for purposes other than separating a molten compound or 
aqueous solution. One ofthe more common alternate uses is the purification 
of different metals. 

Whenelectrolysis is used to purify a metal, like copper the electrolytic cell 
is set up with a pure cathode and an impure anode. When current is applied 
to the cell, the impure anode will begin to break apart as: a) copper ions are 
oxidized and enter solution, b) other reactive ions are oxidized and enter 
solution, or c) other nonreactive ions simply fall off the decomposing anode 
to the bottom of the reaction vessel. The copper ions will plate out on the pure 
copper cathode, thus creating a larger, pure copper cathode. 

A similar technique is used to perform “electroplating.” This technique 
allows a thin coat of metal to be plated on the surface of another to improve 
appearance, resist corrosion, or, in the case of jewelry, save money on 
precious metals. In this technique, the metal to be plated is made a cathode 
in an electrolytic cell with a molten metal or metallic salts. 
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FARADAY'S LAWS 


Inthe 1830s, Michael Faraday determined whatare now known as Faraday's 
laws. They have been revised to be consistent with modern atomic theory 
(which was in its infancy in his day). Faraday's laws are as follows: 


1. If the same quantity of electricity is passed through a cell, it will always lead 
to the same amount of chemical change for a given reaction. The weight of an 
element that is deposited or liberated at an electrode is proportional to the 
amount of electricity that is passed through. 

2. 96,500 coulombs of electricity are required to deposit or liberate 1 mole of a 
substance that gains or loses 1 electron during the cell reaction. For every n 
electrons involved in a reaction, 96,500 n coulombs of electricity are required 
to liberate a mole of product. 


The quantity 96,500 coulombs (96,485 is the number actually used, but the 
AP exam and many texts round it to 96,500) was introduced earlier in the 
chapter as Faraday's constant, where its units were given as J V! mol'le-. 
The origins of this unit may help you understand it more clearly. 
In Faraday's laws, he uses an amount required to deposit or liberate one 
mole of a substance that gains or loses one electron during the reaction. That 
is equivalent to saying 1 mole of electrons are deposited or liberated. 
Robert Millikan later determined that the charge of a single electron is 
1.60217733 х 10? coulombs (coulomb is the SI unit of charge). It was also 
later learned that one mole of anything is 6.0221367 x 10% particles. If 
yourelease one mole of electrons, that would be 6.0221367 x 10?? electrons. 
If the charge on each electron is 1.60217733 x 107! coulombs, then the total 
amount of charge belonging to 1 mole of electrons is (6.0221367 x 
1023)(1.60217733 х107' C) = 96,485 coulombs. Therefore, part two of 
Faraday's law says that 96, 500 coulombs /mole of electrons. Because a volt 
is defined as one Joule per Coulomb, the expression 1 C = 1 J V~! is 
substituted into Faraday's constant for Coulombs. Therefore, 96,500 is not 
some magic number—it’s just the charge of one mole of electrons! To make 
things easier, this quantity of charge is often referred to as a single unit, the 
Faraday, %. 1 Faraday of charge = 96,500 coulombs. 


Quantitative Treatment of Faraday's Laws 


A fairly common type of question on the AP exam will ask you to determine 
how much metal can be collected on the cathode (plated out) for a certain 
amount of charge added. This is a direct application of Faraday's laws, and 
we'll examine this type of problem in this section. 

The conceptual treatment of this topic is rather simple. In the previous 
sections, we looked at the number of electrons that are required to complete 
anelectrolytic process. This was accomplished through the stoichiometry of 
the half-reactions. For instance, in the half-reaction 


Cu?*(I) + 2e > Cu(s) 
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you can see that for each mole of copper ions that is reduced at the cathode, 
two moles of electrons are required. That means 2 faradays of charge are 
required to complete this process. If we were talking about a substance like 
sodium, only one faraday would be required: 


Na*(I) + е — Na(s) 


That's all there is to it. Problems are made more difficult by giving you 
information such as lengths of time or fractions of faradays or by asking for 
quantities in grams instead of moles. Each of these permutations just adds 
another layer of conversion into the problem, but you should always keep in 
mind Faraday's laws as a means of doing a quick check on your work. 

Oneofthe firstthings you need to know is the relationship between current 
and electrical charge. Electric current is a measurement of the rate of charge 
flow. It measures the amount of charge that passes a given point in a given 
amount of time. The SI unit of current is the ampere, abbreviated A, and is 
commonly shortened to the word amp. One ampere is described by the flow 
of one coulomb of charge per second. The formula for current is seen in 
equation 17.7: 


I- : (Equation 17.7) 


(where / is the symbol for current, and q is the symbol for charge). 
If units are substituted into the expression, the formula becomes: 


Coulombs 
Amperes = ————— or A= — 
second S 


This equation can be rearranged as necessary. We can demonstrate how 
these ideas are used in a sample problem. 


Sample: 10.0 amperes of current is passed through an electrolytic cell filled 
with molten lithium chloride, LiCl, for 500 s. How many grams of lithium 
are collected at the cathode? 


Answer: Remember, for every 9.65 x 10^ coulombs of charge, one mole of 
electrons can be used to reduce lithium at the cathode. Because the lithium 
ion only needs one electron, we will only need 9.65 x 104 coulombs per mole 
of lithium. We just need to figure out how many coulombs of charge have 
are applied. This will tell us what fraction of a mole we can reduce, which 
we can easily convert to grams. This process can be summarized into four 
basic steps: 


1. Determine the amount of charge, in coulombs, that pass through the cell. 


2. Using Faraday's constant, determine the number of moles of electrons that is 
equivalent to 5000C. 


3. Usingahalf-reaction, determine the number of moles of the substance that can 
be reduced by the moles of electrons from number 2. 


4. Convert the moles of the substance to grams. 
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Using our steps, we can begin to solve the problem: 


1. Determine the amount of charge, in coulombs, that pass through the cell. 


In this problem, you are told that 10 amperes pass through in 500 s. This is a 
total of 5000 C. This can be shown mathematically using equation 17.7: 


q-It 
q = (10 A)(500 s) = 5000 C 
2. Using Faraday's constant, determine the number of moles of electrons that is 
equivalent to 5000 C. 
1 mol e` 
9.65 x 10°C 


(extra digits to minimize rounding errors) 


5000 C x = 0.051813 mol e 


3. Usingahalf-reaction, determine the number of moles of the substance that can 
be reduced by 0.051813 moles of electrons. 


Ш) + e > Li(s) 


1 mol Li 
0.051813 mol е x ——— — = 0.051813 mol Li ions can be reduced. 
1 mole 
4. Convert 0.051813 moles to grams of lithium. 
6.941 g Li 


.05181 1Lix ————-- =0. Li 
0.051813 mol Li x I molLi 0.360 g Li 


You Try It! 

If 3.0 A of current is passed through an electrolytic cell containing a 
concentrated CuSO, solution for 2.0 hours, how many grams of copper 
metal can be collected at the cathode? 


Answer: 7.11 g Cu 

A similar variation requires that you determine how long it will take to plate 
out a certain quantity of a substance. The process is very similar, except that 
it is worked in reverse. We’ll examine this type of problem in the next 
sample. 


Sample: 2.65 g of silver are collected at the cathode in an electrolytic cell 
filled with aqueous silver nitrate. How long did it take to collect this much 
silver if a constant current of 0.25 A was applied? 


Answer: The procedure is very similar to the previous problem. In this 
problem, you already know how many grams of silver were collected. By 
working backwards, you can determine how many moles of silver this is. 
From the half-reaction, you can determine how many moles of electrons 
would have been required to reduce the silver at the cathode. Faraday’ s 
constant can be used to convert the number of moles of electrons to 
coulombs, amps, or seconds. 


Chapter 17: Electrochemistry 455 


The first step is to determine the number of moles in 2.65 g of silver: 
1 mol Ag 
107.87 g Ag 

We can use the half-reactionto determine the number of electrons required 
to reduce 0.02457 mol Ag. 


2.65 g Ag X = 0.02457 mol Ag 


Ag'(aq) + e > Ag(s) 


1 mol e 
0.02457 mol Ag x 1 mol Ag = 0.02457 mol e 
Next, we use Faraday's constant to convert the moles of electrons to 
coulombs: 
9.65x10^C 


[илал = 2371.0€ 
тоге 


0.02457 mol e x 


In this step, we will use equation 17.7 to determine the time: 


I- 4 , rearranged to solve fortis t= с! 


1 


2371.0 C 


i= 025 A = 9484 s or 158 min 


You Try It! 
How long does 4.00 A have to be applied to an electrolytic cell containing 
aqueous silver nitrate to collect 9.5 g of silver at the cathode? 


Answer: 2.13 s or 35.5 min 
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Summary: Electrochemistry 


Half-reactions are a way to show the transfer of electrons that occurs 
during oxidation-reduction (redox) reactions. 


A voltaic, or galvanic, cell allows the oxidation and reduction of 
substances to be physically separated. This is accomplished by allowing 
the electrons to pass from one location to the other by way of an external 
path (such as a wire). The circuit in a voltaic cell must be completed 
using a salt bridge or another porous barrier that allows for the transfer 
of anions between the two half-cells. 


A voltage is created when there is a difference in electrical potential 
energy between two locations. A voltage allows current to flow from 
one location to another. 


Ina voltaic cell, oxidation takes place at the anode and reduction occurs 
at the cathode. The anode is positively charged, while the cathode is 
negatively charged. 


The standard reduction potentials of the two half-cells can be used to 
determine the cell voltage (also known as cell potential or emf). 


An oxidizing agent is a substance that removes electrons from another 
substance, while a reducing agent adds electrons. Materials that are 
good oxidizing agents have the most positive reduction potentials, while 
good reducing agents have the most negative reduction potentials. 


Voltaic cells can only be created when each half-cell contains a reaction 
that occurs spontaneously. Because of this, cell voltage and free energy 
can be related (using equation 17.3). 


The Nernst equation (equation 17.4) can be used to relate the cell 
potential to the concentration of the solutions in each half-cell. 


Electrolytic cells can be created to separate materials. Unlike the 
reactions in voltaic cells, the reactions in electrolytic cells are 
nonspontaneous. In an electrolytic cell, a voltage is applied using a 
power supply. 


In an electrolytic cell, the anode is positively charged and the cathode 
is negatively charged. 


When aqueous solutions are placed in electrolytic cells, the collection 
of the solute at the cathode and anode may be affected by the presence 
of hydrogen and hydroxide ions in the solution. 


Faraday's laws can be used to determine the amount of a substance that 
can becollected at an electrode. In addition, Faraday's laws can determine 
the amount of current that must be supplied to an electrolytic cell. 
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REVIEW QUESTIONS 


1. Which of the following will be the best oxidizing agent? 
(A) Cl, 
(B) Fe 
(C) Na 
(D) Na* 
(E) F 


2. A piece of copper metal is placed into solutions containing each of the 
following three cations. Which ion will be reduced by the copper metal? 


I. Sn? 
П. Zn 
Ш. Ag* 
(A) I only 
(B) II only 
(C) III only 
(D) I and II 
(E) I, I, and III 


3. When molten CaCl, is electrolyzed, the calcium metal collects at the 

charged electrode, which is called the , and the 

chlorine is given off at the charged electrode, which is known as 
the 


(A) positively, anode, negatively, cathode 
(B) positively, cathode, negatively, anode 
(C) negatively, anode, positively, cathode 
(D) negatively, cathode, positively, anode 
(E) positively, electrolyte, negatively, emf 


4. If 0.500 A of current is applied for 1.50 h to an electrolytic cell containing 
molten lithium chloride, how many grams of lithium would be deposited on 
the cathode? 


(A) 0.388 g 
(B) 0.194 g 
(C) 0.097 g 
(D) 0.050 g 
(E) 54x 105g 


5. The reduction of 3.00 moles of Ca?* to Ca would require how many coulombs? 
(A) 6.22 x 105 C 
(B) 3.22 x 10°C 
(C) 1.61 x 10* C 
(D) 2.90 x 10°C 
(E) 5.79 x 10°C 
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10. 


. A voltaic cell is created with one half—cell consisting of a copper electrode 


immersed in 1.0 M CuSO, solution and the other half cell consisting of a lead 
electrode immersed in a 1.0 M Pb(NO,), solution. Each half-cell is main- 
tained at 25 °C. What is the cell potential, in volts? 


(A) 047 V 
(B) 021V 
(C) -0.21 V 
(D) -0.47 V 
Œ) 2.50V 


Ag'(aq) + Fe**(aq) > Ag(s) + Fe**(aq) 


. For the reaction above, what is the equilibrium constant at 25 °C? 


(A) 1.0 
(B) 1.6 
(С) 3.2 
(D) 6.4 
(E) 10.0 


. Ifacurrentof 15.0 A is applied to a solution of Сг? ions, how long will it take 


to plate out 1.86 g of chromium metal? 
(A) 3.83 minutes 

(B) 5.7 minutes 

(C) 11.5 minutes 

(D) 35.0 minutes 

(E) 690 minutes 


. A voltaic cell is set up with two half-cells. In the first half-cell, a silver 


electrode is placed in an aqueous solution containing Ag* ions. In the second 
half-cell, a nickel electrode is placed in an aqueous solution containing Ni? 
ions. The silver electrode is the and has a charge. 


(A) cathode, positive 
(B) cathode, negative 
(C) anode, positive 
(D) anode, negative 


(E) salt bridge, positive and negative 


A voltaic cell contains one half-cell with a zinc electrode in a Zn**(aq) 
solution and a copper electrode in a Cu**(aq) solution. At standard condition, 
E? = 1.10 V. Which condition below would cause the cell potential to be 
greater than 1.10 V? 


(A) 1.0 M Zn"'(aq), 1.0 M Cu**(aq) 
(B) 5.0 M Zn"'(aq), 5.0 M Cu**(aq) 
(C) 5.0 M Zn"'(aq), 1.0 M Cu**(aq) 
(D) 0.5 M Zn"'(aq), 0.5 M Cu**(aq) 
(E) 0.1 M Zn?*(aq), 1.0 M Cu**(aq) 
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11. Whatisthe standard free energy change (AG?) for the reaction shown below? 


Fe™(aq) + Ag(s)  Fe?*(aq) + Ag'(aq) 
(A) 22.5 kJ 
(B) 2.9 kJ 
(C) 8.7 kJ 
(D) 10.0 kJ 
(E) 29 kJ 


12. Anelectrolytic cell contains molten CuBr,. What is the minimum voltage that 
must be applied to begin electrolysis? 


(A) 0.17 V 
(B) 0.34 V 
(C) 0.73 V 
(D) 1.07 V 
(Е) L41 V 


Free Response 


Question 1 
A voltaic cell is created using a zinc electrode immersed in a 1.0 M solution 
of Zn?* ions and a silver electrode immersed in a solution of 1.0 М Ае? ions. 
The two electrodes are connected with a wire, and a salt bridge is placed 
between the two half-cells. The temperature of the cells is 25 °C. 

(A) Write the balanced half-reactions that are occurring at the cathode and 

the anode. 
(B) Calculate the standard cell voltage for the cell. 
(C) Calculate AG? for the cell. 


(D) How will the voltage be affected if 2.5 g of KCI is added to each half 
cell? Justify your response. 


Question 2 
An electrolytic cell contains molten NaCl. 
(A) Gas is seen bubbling at one of the electrodes. Is this the cathode or 
anode? Explain. 
(B) If a current of 0.5 A is applied to the cell for 30 minutes, how many 
grams of sodium metal will be collected? 
(C) If the current is raised to 5.0 A, how long will it have to be applied to 
produced 10.0 g of sodium metal? 
(D) If the molten NaCl is replaced by an 1.0 M aqueous sodium chloride 
solution, how much sodium can be collected if a current of 1.0 A is 
applied for 1 hour? 
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ANSWERS 


1. The correct answer is (A). An oxidizing agent is a substance that oxidizes 


another substance (by removing electrons). Therefore, it must be a substance 
that has a strong attraction for electrons. One way to think of this is to consider 
the most electronegative substance. The fluoride ion has been thrown in as a 
distracter, but because it is an ion, it already has the noble gas configuration. 
Chlorine is the most electronegative substance left. Another way to think of this 
is by looking at the chart of standard reduction potentials. The substances 
closest to the top are the best reducing agents while those at the bottom are the 
best oxidizing agents. 


. The correct answer is (C). You can answer this by looking at the table of 


standard reduction potentials. Silver is the only substance that is below copper. 


. The correct answer is (D). Molten CaCl, consists of Са?* and Cl ions. 


Calcium ions will be attracted to the negatively charged electrode. In an 
electrolytic cell, the negatively charged electrode that attracts cations is known 
as the cathode. Anions are attracted to the positive anode. 


. The correct answer is (B). You need to use equation 17.7 for this problem. In 


the equation 


0.500 А = (1 50 һ)(60 min / h)(60 s / min) 


q-2700C 
Using Faraday's laws, we can convert this to moles of electrons: 
-1 
2700 Сх mole ^ 09580 mol e 


9.65 x10^C 
Because each mole of lithium ions requires 1 mole of electrons, 


Ш) + e > Li(s) 


1 mol Li 
0.0280 mol ех —— — —, = 0.0280 mol Li 
1 mole 


Finally, convert the moles to grams: 


6.941 g 
0.0280 mol Li x 


2—40) 194: 
1 mol Li 


. Thecorrect answer is (E). In this problem, you simply need to determine how 


many moles of electrons will be needed to accomplish this, and then convert 
this to coulombs (using Faraday's constant). 


Each mole of Ca™ ions requires 2 e, as can be seen in the half-reaction: 


Са2* + 2e > Ca 


Therefore, 3.00 moles of Са? will require 6.00 moles of electrons. When this 
is converted to coulombs, the result yields the following answer: 


4 
6.00 mol e- x 295x10 C _ 5 79 105С 
] mol e`! 
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6. The correct answer is (A). Because each solution is present at 1.0 M 
concentrations, we can use equation 17.2. First, we need to determine which 
electrode is the cathode and which is the anode. The substance with the most 
negative reduction potential will be the anode and the most positive reduction 
potential will be the cathode. Lead has a reduction potential of —0.13, while 
copper has a value of 0.34. Therefore, lead will be the anode and copper will 
be the cathode. By looking at the half-reactions, we see that the anode can 
supply the cathode with all necessary electrons. 


Anode: Pb^(aq)--2e-— Pb(s) E° =-0.13 V 


Cathode: Cu?*(aq) + 2е — Cu(s) Е° = 0.34 V 


Substituting these values into equation 17.2, we obtain: 


E 


cell z E ise z E oil 


E? = 0.34 V - (-0.13 V) = 0.47 V 


7. The correct answer is (C). When solving problems that require the equilib- 
rium constant, you need to use the Nernst equation: 


0.0592 


Е= Е – log О 


We can rearrange the equation to determine the equilibrium constant (when 
О = К). Under the new equation: 


0.0592 V 
Ee = >=-———— log К 


To solve for K, we will need to know E°. We can obtain this from the half- 
reactions. 
In the equation, silver is being reduced and iron is being oxidized. The half- 
reactions would be set up as follows: 

Oxidation: Fe**(aq) — Fe**(aq) + e 


Because this is an oxidation, we will need to reverse the equation to use the 
value of the reduction potential: 


Fe**(aq) + е ә Fe**(aq) E? =0.77 V 
The oxidation will have a value of 20.77 V 
Reduction: Ag*(aq) + e — Ag(s) E? = 0.80 
E? an Е ES, = 0.77 V + 0.80 V 20.03 V 


This value can be substituted into our equation, along with a value of n=1 
(because only one mole of electrons is transferred): 


0.0592 V 
Еа —logK 


0.0592 V 
0.03 V = ~ 198 K 


log K = 0.5068 
К = 100906 = 3.21 
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10. 


. The correct answer is (C). First, we need to determine how many moles of 


chromium are in 1.86 g of chromium. Once we know this, we can determine the 
number of moles of electrons that were required to reduce that number of moles, 
which will allow us to solve the rest of the problem. 

1 mol Cr 


52.00 g Cr 


The half-reaction tells us that each mole of chromium ions requires 3 electrons: 


1.86 g Cr x = 0.035769 mol (extra digits to avoid error) 


Cr* (aq) + Зе —> Cr(s) 


Therefore, we need to use Faraday’s constant to determine the amount of 
charge required to reduce this quantity of chromium ions: 


3 mole? IE x10^C 


1 mol Ст?* | = 10355.13С 


0.035769 mol Cr* ions x | 1 
1 mole 


To finish the calculation, use equation 17.7 to solve for t: 


I- a 
t 
_ 4 _ 10355.13 C 905 
Т Bia ce 
Converting to minutes, we find that 
] min 
690.3 s x = 11.5 min 
60 s 


. The correct answer is (A). In a voltaic cell, the substance with the most 


positive reduction potential will be the cathode. Ag* has a value of 0.80 V, and 
Ni* has a value of —0.25 V. That would make the silver electrode the cathode. 
In a voltaic cell, the cathode always has a positive charge. 


The correct answer is (E). By examining equation 17.6, with the variable 
substituted in, 


0.0592 oos2v [Z>] 
logQz1.10V—- ~; log [сг] 


we see that the only way to have a value greater than 1.10 V is if 


oos v [2] 
^ 3 | [cu*| 


produces a negative value. This can only happen when the [Zn?*] is less than 
the [Cu?*]. This is only true for choice (E). 


Е= Е – 
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11. The correct answer is (B). Equations 17.2 and 17.3 will be needed to solve this 
problem. First, the value of E must be determined. It can then be used in 
equation 17.3. The first step, therefore, is to calculate E: 


Е° =E + Е° 
ох red 


cell 


By using the same procedures as in problem 7, we find that 


E? E? г E. = (0.80 V) + (0.77 V) = -0.03 V 


cell ^ — A 


We can now substitute this value into equation 17.3: 


AG = -nFE = —(1 mol e )(96,500 J V~ mol"! e)(-0.03 V) = 2895 J 


AG = 2.9 kJ 


12. The correct answer is (C). In an electrolytic cell, the reactions are 
nonspontaneous and will only occur if a certain amount of voltage is applied. 
This can be calculated using the equation 


E 


cell = E роде ЫЗ E iode 


which for this cell will be 


E „= Е — E^, = 0.34 V – (1.07) = -0.73 V 


cell 


Therefore, the cell requires 0.73 V to begin electrolysis. 


Free Response 


Question 1 


(A) The cathode and anode can be determined by the reduction potentials of each 
substance. The substance with the most positive reduction potential will be the 
cathode. Therefore, in this reaction, Ag is the cathode and Zn is the anode. The 
half reactions, therefore, will be as follows: 


Oxidation: Zn(s) > Zn**(aq) + 2e 


Reduction: 2Ag*(aq) + 2e  2Ag(s) 
(B) The standard cell voltage for the cell will be 


E E = (0.80 V - (-0.76) = 1.56 V 


cell 7 E ius ~ “anode 


(C) To solve for AG°, we will use equation 17.3: 


AG =-nFE 


where n will equal 2 because 2 moles of electrons are needed to reduce the 
silver: 


AG = -(2 mol e (96,500 J V mol e)(1.56 V) = -301 kJ 


(D) In the zinc cell, the addition of KC] will have no effect, but in the silver cell, the 
addition of KCI will cause the formation of the precipitate AgCl(s). This will 
decrease the amount of available Ag* and therefore decrease the voltage. 
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Question 2 


(A) The bubbling gas must be chlorine gas. Therefore, the reaction that must be 
occurring at the electrode is 


2Cl C1,(g) + 2e 
Since this is an oxidation, it must be the anode. In electrolytic cells, the anode 
is positively charged and will therefore attract anions. 


(B) If 0.5 A is applied for 30 minutes, it means the total charge applied is 
q - It 


q = (0.5 A)(30 min)(60 s/1 min) = 900 C 


This value can be used to determine the number of moles of electrons that will 
be supplied: 


000Сх lmele" 2933x103 
9.65x 10°C 
Because the reduction of each mole of sodium ions requires one mole of 
electrons, the number of moles of sodium ions will also equal 9.33 x 10-3. If 
this is converted to grams, the total amount of sodium equals 


Р 22.99 р Na 
9.33 х 10? mol Мах ——— — — = 0.214 g Na 
1 mol Na 


(C 


— 


This problem must be solved in the reverse order of (b). The 10.0 g of Na must 
be converted to moles of electrons, and then to coulombs. The charge can then 
be used to solve for t. 


1 mol Na 


10.0 g Nax 22.99 g Na = 0.435 mol Na 


Each mole of sodium atoms was generated with one mole of electrons, so the 
amount of electrons required is also equal to 0.435 ет. 


This can be converted to coulombs using Faraday's constant: 


9.65x10°C 
0.435 mol e x ————— = 41977.5 С 
] mole 


This value is then used to determine t: 


q _ 41977.5С 
t=— =————— = 8395.5 s = 140 min 
I 50A 


(D) In aqueous sodium chloride, sodium is no longer collected at the cathode. 
Because hydrogen is much more readily reduced than hydrogen, hydrogen gas 
will collect at the cathode. Therefore, no sodium will be collected. 
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Organic Chemistry 


This topic will be treated differently from the others in the book. The main 
reason is that the AP exam has almost no questions that deal strictly with the 
topic. In many of the previous chapters, organic compounds have been 
discussed among the inorganic compounds (e.g., acid-base equilibria, 
chemical bonding, intermolecular forces), but no specific knowledge is 
needed to distinguish the organic compounds from the inorganic com- 
pounds. The only topics unique to organic chemistry that are covered on the 
AP exam are nomenclature and structure. There are usually only one or two 
multiple-choice questions devoted to this topic, so it is unnecessary to have 
end-of-chapter questions and practice essays. 

The structures and nomenclature of organic chemistry are all based on the 
carbon and hydrogen skeleton, known as a hydrocarbon. Different arrange- 
ments of carbon and hydrogen atoms, as well as the addition of other atoms 
or groups of atoms, allow a wide diversity in the number and types of organic 
compounds. In this chapter, we will proceed from the most basic hydrocar- 
bons to more complex arrangements. 


ALKANES 


The alkanes are the most basic type of hydrocarbon compound, containing 
only carbon and hydrogen. All bonds in alkane molecules are single, 
covalent bonds. Carbon atoms can form four bonds in any combination 
(i.e., four single bonds, one double bond and two single bonds). Alkanes, 
also known as saturated hydrocarbons, contain all single bonds. Each carbon 
atom is bonded to at least one other carbon atom, and the remaining bonds 
are all single bonds with hydrogen. The smallest alkane is methane, CH, 
which is composed of one carbon atom bonded with single bonds to four 
hydrogen atoms. 

When an alkane contains two or more carbon atoms, the carbon atoms will 
begin bonding to each other. The resulting structures are known as hydro- 
carbon chains because of the way the carbon atoms “link” together. There 
are two types of hydrocarbon chains that can form—straight-chain and 
branched-chain hydrocarbons. In a straight chain, the carbon atoms at the 
end of the molecule are bonded to one carbon and three hydrocarbons 
(shown as а -CH, group). The central carbon atoms are bonded to two 
carbon atoms and two hydrogen atoms (-СН,-). The empirical formula for 


all alkanes is СН. The names of all alkanes end in Cane. Some examples 
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are the ethane molecule, C,H,, and propane, C,H,. Table 18.1 shows the 


names of the alkanes with up to 10 carbon atoms. 


Table 18.1 

Molecular Structural 

Formula Formula Name 
CH, CH, Methane 
C,H, CH,CH, Ethane 
CH, CH,CH,CH, Propane 
CHo CH, (CH,),CH, Butane 
CH. CH,(CH,),CH, Pentane 
CH,, CH,(CH,),CH, Hexane 
CH. CH,(CH,).CH, Heptane 
СЫН к CH, (CH,),CH, Octane 
C,H, CH,(CH,),CH, Nonane 
C EL, CH,(CH,),CH, Decane 


There are several different ways to describe organic compounds. The 
figure below shows five of the most basic types of formulas, both molecular 
and structural, that are used to describe organic compounds. 


H H H H 
k y cf 


H H H H 

Lid ENS ы POR 
H C С. C С H C C H 

| | d d ) j 

H H H H i \ ri \ 


H H H H 


Structural Diagram 


Lewis structure 


Branched-Chain Hydrocarbons 


So far, we have just looked at hydrocarbons that are straight chains. There 
are many compounds where central carbon atoms are bonded to three or four 
carbon atoms or other non-hydrogen atoms. For branched-chain hydrocar- 
bons, there are special procedures for naming compounds. To start with, we 
will only consider saturated hydrocarbons. Once you understand some of the 
basic rules of nomenclature, we can begin to look at unsaturated hydrocar- 
bons and atoms other than carbon and hydrogen. 

In branched-chain hydrocarbons, the branches occur when a carbon atom 
replaces a hydrogen atom bonded to a central carbon atom. If a carbon atom 
replaces hydrogen on either of the end carbon atoms, the chain simply 
increases in length by onerather than branching. In this example, the carbon 
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that adds on to the middle of the chain is known as an alkyl group. Alkyl 
groups are alkanes that are missing a hydrogen atom and can therefore bond 
to another substance. For example, when the molecule methane, CH,, loses 
one hydrogen atom, it becomes CH,-, known as a methyl group. Note, the 
—ane ending of the alkane is replaced with a —y/ ending in the alkyl group. 
The methyl group can bond to a carbon in another hydrocarbon chain. 
Ethane, C, H,, becomes an ethyl group when it loses a hydrogen atom. 
One difficulty that branches present is the possibility of the formation of 
isomers, molecules that have the same molecular formula but different 
structures. In figure 18.2, note how the molecules butane and2-methylpropane 


have the same molecular formulas but different structures and properties. 


CH, 
CH,CH,CH,CH, | 
iic : CH,CHCH, 
n-butane 


2-methylpropane 
Forexample, butane has a boiling pointof—0.5 °C, while 2-methylpropane's 
boiling point is 11.7 °C. Only hydrocarbon chains with at least four carbon 
atoms are capable of forming a branch. Because there must be a way to 
distinguish isomers, the nomenclature must take these into account. The 
following are general rules for naming branched-chain alkanes: 


* Locate the longest, straight hydrocarbon chain in the molecule. This is 
the main part of the name of the molecule. The names of any branches 
will be added onto this. Numbers are assigned to each carbon atom 
beginning with the carbon atom closest to the substituent. 


CH, CH 


CH,CHCH,CH,CH, 
i 23 4 5 


2-methylpentane 
(not 4-methylpentane) 


; 
i 
CH,CH,CHCH,CH,CH, 


3-methylhexane 
(not 4-methylhexane) 


* [f more than one group is attached, a Greek prefix is used to designate 
the number of groups. Each group will still be assigned a number. The 
numbers should be followed by a hyphen and the name of the molecule. 


CH; CH; CH; 

| | | 
CH4CCH;CH;CH; CH4C — CH,— ССН; 

| | | 

CH; CH; CH; 
2,2-dimethylpentane 2,2,4,4-tetramethylpentane 


(not 2-dimethylpentane) 
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* When two or more groups are attached, the longest chain is numbered 
so that the series of numbers for all groups is lowest. Each number 
should be separated by acomma, and the last number should be followed 
by a hyphen. 


CH; CH; CH; 
| | | 
CH4CH;CHCHCH; CH4CHCH;CH;CHCHCH;CH; 
| | 
CH; CH; 
2,3-dimethylpentane 2,5,6-trimethyloctane 
(not 3,4-dimethylpentane) (not 3,4,7-trimethyloctane) 


* When more than one type of substituent is present, they are listed in 
alphabetical order, with numbers designating the location of each 


group. 


3-ethyl-2 methylhexane 


CH; 
| 
CH;CHCHCH;CH;CH; 
CH,CH, 


Sample 1: Name the molecule shown below. 


CH, 
CH,CH,CH,CHCHCH, 
| 


CH, 


Answer: Step 1: The longest chain is six carbon atoms long, making it a 
hexane molecule. It could start from either the carbon on the far right or the 
one above the rest of the molecule. Because it is easier to work in a straight 
line, we will count from one to six, moving from right to left. 

Steps 2 and 3: The two groups are methyl groups and are attached at 
carbons 2 and 3. The numbers must go from right to left since going from 
left to right would result in the larger numbers 4 and 5. The prefix di- will 
be used since there are two methyl groups attached. Step 4 is not necessary 
because the two substituent groups are the same. 

The name is 2,3-dimethylhexane. 


You Try It! 
Name the molecule shown below. 
CH; 
воси. 
бн, Св, 


Answer: 2,3,4-trimethylpentane 
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Sample 2: Draw a structural formula for 2,2,3-trimethylpentane. 


Answer: First you need to draw a 5-carbon chain since the molecule is called 
pentane. Onto the 5-carbon chain, you need to attach 3 methyl groups (you 
know this from the prefix tri-). The locations of each of the three methyl 
groups are two on carbon 2 and one on carbon 3. The molecule will look like: 


НС йш CH, CH; 
bw 
a C CH,CH,CHCCH; 
| 
CH, CH; 
You Try It! 
Draw a structural formula for 3-ethyl-2-methylpentane. 
CH; 
| 
CH;CH;CHCHCH; 
| 
CH,CH; 


Cycloalkanes 


In addition to branched chains, alkanes can also formrings. The two terminal 
carbons bond together to complete a ring. The nomenclature is very similar 
except the prefix cyclo- is added before the name of the alkane. For instance, 
when the two terminal carbon atoms in hexane connect together, a six-sided 
ring is formed, called cyclohexane. A five-sided ring would be called 
cyclopentane. Each of these molecules is shown below: 


Cyclohexane Cyclopentane 


ISOMERS 


In the previous section, we mentioned that different molecules, isomers, can 
have the same molecular formula but have a different structure. Butane, 
CH, 
methylpropane. As molecules get longer, more and more isomers become 
possible. In the first sample, we will consider the number of isomers of 


we saw has two isomers—butane (also known as n-butane) and 2- 


pentane. 
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Sample: Determine the number of isomers of pentane, and draw each 
isomer's structure. 


Answer: The number of possible isomers begins to increase dramatically 
with the addition of more carbon atoms. While C; has only three isomers, С 
has 75. To answer this question, the first thing we will need to do is draw the 
straight chain first. The first isomer is the straight chain, called n-pentane, 
shown below. 


n-pentane 


CH,CH,CH,CH,CH, 


After that, small groups of atoms should be removed from the end of the 
molecule and placed at other locations. You should begin by removing a 
methyl group from the end of the molecule and placing it somewhere in the 
middle. If a methyl group is placed at carbon 2, the compound now becomes 
2-methylbutane, as shown below: 


2-methylbutane 
CH; 


| 
CH4CH;CHCH; 


Note, that if you move the methyl group to carbon 3, the carbon atoms 
would have to be numbered from the opposite end, making it in position 
2 again. This would not change its structure. So, the next thing to do is try 
to bring another methyl group from the other end of the molecule. Doing so 
produces 2,2-dimethylpropane, the third C,H, isomer, shown below: 


2,2-dimethylpropane 


ПЕ 
СН:СНСН; 
| 
СН; 
You Try It! 
Draw and name the 5 isomers of C.H, . 
Answer: 
CH,CH,CH,CHCH; CH4CH;CHCH;CH; 
| | 
CH;CH,CH,CH,CH,CH; CH, CH, 
n-hexane 2-methylpentane 3-methylpentane 
CH, CH, 
| | 
CH;CHCHCH; CH3;CH,CCH; 
| | 
CH; CH; 
2,3-dimethylbutane 2,2-dimethylbutane 
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UNSATURATED HYDROCARBONS 
Alkenes 


Alkenes are hydrocarbons containing at least one double bond. For alkenes 
with only one double bond, the empirical formula is CnHn. The names for all 
alkenes end with —ene. The naming system on alkenes is the same as alkanes, 
with the exception of the —ene ending. For example, the two-carbon alkane, 
C.H; is called ethane, while the two-carbon alkene, C,H,, 

For alkenes longer than 3 carbons, the double bond can be in different 
places in the molecule. Writing a number before the name of the alkene 
identifies the location of the bond. The number represents the bond number 
in the molecule, rather than the carbon number. The bond between carbons 
1 and 2 is labeled “1,” the bond between carbons 2 and 3 is labeled “2,” and 
so on. If more than one double bond is found, a prefix is used to show how 
many are present and numbers are given to each one. The following figure 
shows two different possible structures of pentenes: 


is called ethene. 


CH, = CH — CH,CH,CH, CH, = CH— CH = CHCH, 
1-pentene 1,3-pentadiene 

In addition to the locations of the double bonds, another difference of 
alkenes is the molecule’ s inability to rotate at the double bond. With alkanes, 
when substituent groups attach to a carbon, the molecule can rotate around 
the C-C bonds in response to electron-electron repulsions. Because the 
double bond in the alkene is composed of both sigma and pi bonds, the 
molecule can’t rotate around the double bond (see Chapter 6). What this 
means for alkenes is that the molecule can have different structural orienta- 
tions around the double bond. These different orientations allow a new kind 
of isomerism, known as geometrical isomerism. When the non-hydrogen 
parts of the molecule are on the same side of the molecule, the term cis- is 
placed in front of the name. When the non-hydrogen parts are placed on 
opposite sides of the molecule, the term trans- is placed in front of the name. 
In the previous section, you saw that the alkane butane has only two isomers. 
Because of geometrical isomerism, butene has four isomers, shown below: 


8 E. Сн,сн; 4 we 
C=C C=C 
Pd X 
CH; H H H 
2-methylpropene 1-butene 
CH CH CH H 
Е“ | 274 
сех ELS 
H H H CH, 


cis-2-butene trans-2-butene 
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Sample: Name the compound shown below. 


CH; 
| 
CH4CH CH; 
СЕС 
H H 


Answer: First, notice that the longest carbon chainis5 carbons long, making 
this pentene. In numbering the chain, the numbering should start so that the 
double bond is given the lowest possible number. In this case, that means 
numbering right to left, which places the bond at position 2. The next thing 
to do is identify the substituent group on the chain. A methyl group is located 
on carbon 4. Finally, the position of the groups along the double bond places 
the non-hydrogen groups on the same side of the bond, making this a cis- 
configuration. Putting all of this information together, we come up with the 
term: 


cis-4-methyl-2-pentene 


You Try It! 
Name the molecule shown below. 


CH;CH; H 


H “он,снсн,сн, 


СН; 


Answer: trans-6-methyl-3-octene 


Alkynes 


Alkynes are hydrocarbons containing at least one triple bond. The empirical 
formula for alkynes is С Н, and the names end in —yne. For example, the 
two carbon alkyne has the formula C, H,, and is known as ethyne. 

The naming system for alkynes is the same as for alkenes, except that 
alkynes do not have geometrical isomers. The triple bond only allows a 
single group to extend off of the carbon atoms attached by a triple bond, so 
no cis- or trans- isomers are possible. 


Sample: Name the compound shown below. 
CH4C— CCH; 


Answer: The longest chain is 4 carbon atoms long, so it will be called 
butyne. The triple bond appears at position 2 in the molecule, so the name 
of this compound is 2-butyne. 
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You Try It! 
Name the compound shown below. 
“к =CCH, 


CH, 


Answer: 4-methyl-2-pentyne 


Aromatic Hydrocarbons 


Aromatic hydrocarbons are cyclic, planar compounds containing delocal- 
ized electrons. The delocalization of the electrons in the pi orbitals makes 
these very stable structures. The most common aromatic hydrocarbon is 
C.H,, benzene. The structure of benzene is shown below: 


6 6 
CH 
к 
cH “ен 
CH „Сн 
2 
“си 


There are two important things in the diagrams. First, you see the 
shorthand notation for hydrocarbon chains, which are bent lines. Each bend 
represents a C-C-C bond. Each point is understood to represent C-H bonds. 
Inthe case ofthe benzene ring, because there are double bonds present, each 
point represents a CH grouping (as opposed to a CH, group for a hydrocar- 
bon chain with all single bonds). The second important feature is the 
representation of the resonance structures. Because the electrons in the 
benzene ring are delocalized, (see resonance in Chapter 6), the figure is 
usually drawn with a circle in the center, which represents the delocalization 
of the pi electrons in the benzene ring. 


Additions to Alkenes and Alkynes 


The double and triple bonds in hydrocarbon chains are very reactive. 
Halogens readily react with the carbon atoms by forming bonds with the 
electrons in the pi orbitals of the double (or triple) bond. 
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FUNCTIONAL GROUPS 


There are certain reactive sites in organic compounds known as functional 
groups. Functional groups are specific combinations of atoms that undergo 
characteristic reactions regardless of the molecule in which they appear. 
Because the functional group determines the reactivity of organic mol- 
ecules, molecules are usually classified according to the functional group 
they contain. Table 18.2 contains a list of the common functional groups. 


Table 18.2 


Functional | Type of Suffix/ 
Group Compound | prefix | Sample Name 
CH,=CH, Alkene -ene CH,=CH, Ethene 
CH=CH Alkyne -yne CH=CH Ethyne 
R-X Haloalkene Halo- | CH,-Cl Chloromethane 
R-OH Alcohol -ol CH,-OH Methanol 
R-O-R* Ether Ether | CH,-O-CH, Dimethyl ether 
R-COH Aldehyde -al CH,-COH Ethanal 
R-CO-R* Ketone -one CH,-CO-CH, 2-propanone 
R-COOH Carboxylic -оїс CH,CH,-COOH Propanoic acid 
acid acid 
R-COO-R' | Ester -oate CH,-COO-CH,CH, | Ethyl ethanoate 
R,N Amine -amine | CH,-NH, Methylamine 
(methanamine) 
R-CO-NR^, | Amide -amide | CH,CH,-CO-NH, | Propanamide 


Alcohols (R-OH) 


The polar hydroxyl group (-OH) present in alcohols makes alcohols more 
soluble in polar solvents than other hydrocarbons and also increases the 
boiling temperature of these compounds (because of increased hydrogen 
bonding). The boiling temperatures of alcohols are much higher than the 
boiling temperatures of the alkanes to which they are attached. 

When naming alcohols, the ending of the hydrocarbon is removed and the 
suffix —ol is used instead. For example, when a hydroxyl group attaches to 
an ethane molecule, CH CH,, the resulting alcohol, CH,CH,OH, is known 
as ethanol. 


Ethers (R-0-R) 
Ethers are formed from condensation reactions (result in the formation of 


water) between two alcohols. The main function of ethers 1s their use as 
solvents. Ethers are named by placing the names of the two R groups (R and 
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К? before the word ether. The R groups should be listed in alphabetical 
order if they are two different groups. 


Aldehydes (R-COH) 


Aldehydes contain a carbonyl group (C2O) to which at least one hydrogen 
atom is attached. The suffix —a/ is placed on the end of the name of 
aldehydes. For example, the molecule CH,CH,COH is known as propanal. 
Aldehydes must have the carbonyl on the last carbon on the chain (in order 
to have the hydrogen atom attached to the carbon). As a result, there is no 
need forthe use of numbers to distinguish the position of the carbonyl group. 


Ketones (R-CO-R ) 

Ketones have the carbonyl group attached to an interior carbon atom of an 
organic compound. The carbonyl group gives the molecular polarity, thus 
many ketones are used as solvents. In the naming of ketones, you need to 
replace the ending of the molecule with the suffix —one. A number is used 
to indicate the position of the carbonyl group in the molecule. 


Carboxylic Acids (R-COOH) 


The functional group in these organic acids is the carboxyl group (COOH). 
These weak acids are very common and dissociate in solution to yield a 
negatively-charged COO” group and a Н” ion. The naming system for 
carboxylic acids is to use name ofthe molecule but to replace the ending with 
—oic acid. 


Esters (R-COO-R ) 


Esters are formed from the condensation reaction of carboxylic acid and an 
alcohol. In this reaction, the hydrocarbon group leftbehind when the alcohol 
lost the OH- group replaces the hydrogen of the carboxylic acid. Esters are 
usually sweet-smelling substances and are used in soap making. When 
naming esters, the first thing is to usethe name ofthe group derived from the 
alcohol followed by the name of the name of the group derived from the acid, 
ending with —oate. 


Amines (R.N) 

Amines are organic bases. In the generic formula, RN, the R groups can be 
hydrocarbon groups or hydrogen atoms. The naming system uses the names 
of the hydrocarbon groups followed by the term amine, written as a single 
word. 


Amides (RCO-NR’,) 

Amides are formed when amines undergo a condensation reaction with a 
carboxylic acid. During the process of protein synthesis, this condensation 
reaction is responsible for the linkages between huge numbers of amino 
acids (which contain an amine group and a carboxylic acid). When naming 
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amides, the root of the carboxylic acid (minus the —oic acid) is attached to 
the term amide to form a single word. 


You Try It! 
Name each of the following compounds, and identify the functional group 
in each. 


o О [o 

|| || || || 
CH,CCHCH, CH;C—OH  CH,CH,—OH CH,C—0—CH,  CH,C—NH, 
(a) (b) (c) (d) (e) 


cl О 
P | || 
CH,CH,CH, —М CH,CH,—O—CH,CH, | CI—C—H CH,CH,C—H 
H | 
[eil 


(f) (g) (h) (i) 


Answers: 
(a) 2-Butanone; ketone 


(b) Ethanoic acid; carboxylic acid 
(c) Ethanol; alcohol 

(d) Methyl ethanoate; ester 

(e) Ethanamide; amide 

(f) Propylamine; amine 

(g) Diethyl ether; ether 

(h) Trichloromethane; haloalkane 


(1) Propanal; aldehyde 
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Summary: Organic Chemistry 


* The basic structural unit for all organic compounds is the hydrocarbon 
backbone, consisting of a carbon atom bonded to hydrogen atoms. 


* Acarbon atom can form four bonds, which can be any combination of 
single, double, or triple bonds. 


e Alkanes are hydrocarbon compounds that contain all single bonds. The 
basic formula for all alkanes is C H 


n 2ni2' 

* Alkanes can be either straight-chain or branched-chain. In straight- 
chain hydrocarbons, the carbon atoms on the end of the chain bond to 
only a single carbon atom and carbon atoms in the middle of the chain 
bond to only two carbon atoms, one on each side. In branched-chain 
hydrocarbons, the central carbon atoms bond to additional carbon 
atoms. 


* The branched-chain structures allow more than one molecule to have 
the same molecular formula, while having a different molecular struc- 
ture. Molecules with these characteristics are known as isomers. 


* Hydrocarbons with single carbon-carbon bonds are known as saturated, 
while those containing double or triple bonds between carbon atoms are 
known as unsaturated. 


e Alkenes are unsaturated hydrocarbons that contain at least one carbon- 
carbon double bond. 


e Alkenes are not free to rotate around the double bond. As a result, 
alkenes can form isomers based on the types of substituent groups 
attached to them as well as the orientation of the molecule on either side 
of the double bond. When isomers form because of these differences in 
orientation, they are known as geometrical isomers. 


e Alkynes contain triple bonds. Although they are also not able to rotate 
about the triple bond, they don't form geometrical isomers because the 
molecule has 180? bond angles at either end of the triple bond. 


* Aromatic hydrocarbons are cyclic compounds with delocalized elec- 
trons. They are very stable structures and are found as either the root or 
the substituent in many organic compounds. 

* Functional groups are special reactive sites that are located within 
organic compounds that give them characteristic properties. You should 
be able to recognize and identify each of the functional groups listed in 
Table 18.2. 
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NO CALCULATORS MAY BE USED WITH SECTION I. 
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Note: For all questions, assume that the temperature is 298 K, the pressure is 1.00 atmosphere, and 


solutions are aqueous unless otherwise specified. 


Throughout the test, the following symbols have the definitions specified unless otherwise noted. 


T = temperature 

P = pressure 

V = volume 

S = entropy 

H = enthalpy 

G = free energy 

R = molar gas constant 
n = number of moles 


M = molar 

m = molal 

L, mL = liter(s), milliliter(s) 
g = gram(s) 

nm = nanometer(s) 

atm = atmosphere(s) 

J, kJ = joule(s), kilojoule(s) 
v = volt(s) 

mol = mole(s) 


Directions: Each set of lettered choices below refers to the numbered statements immediately 
following it. Select the one lettered choice that best fits each statement and then fill in the 
corresponding oval on the answer sheet. A choice may be used once, more than once, or not at all 


in each set. 


Questions 1—4 refer to the orbital diagrams shown 
below: 


(A) j| [nj it 


(B) m TL} N 


о П mj mpi 


(D) | L] 
(E) i. ml 


1. Represents a nonreactive atom 


2. Represents a violation of the Pauli Exclusion 
Principle 


3. Represents a violation of Hund’s Rule 


4. Represents an atom in an excited state 


Use these answers for questions 5-8. 
(A) Hydrogen bonding 
(B) Resonance (delocalization) 
(C) Ionic bonding 
(D) Hybridized orbitals 


(E) Dispersion forces 


5. Explains why methane has a boiling point of 
-161?Candoctane has a boiling point of 125.6 °C 


6. Explains why benzene, which mathematically 


should have three double bonds and three single 
bonds, actually has 6 bonds of identical length 


GO ON TO THE NEXT PAGE 
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. Is used to explain the fact that the four bonds in 


methane are equivalent 


. Explains why the boiling point of helium is 


—269 ?C and the boiling point for xenon is 
-108 °C 
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Questions 9-11 refer to the phase diagram of a pure 
substance, shown below. 


10. 


11. 


2.0 


— 
л 


ami 
o 


Pressure (atm) 


20 40 60 80 100 
Temperature (°C) 
(A) Freezing 
(B) Melting 
(C) Sublimation 
(D) Condensation 
(E) Vaporization 


. If the temperature increases from 40 °C to 60 °C 


at a pressure of 1.5 atm, which process is occur- 
ring? 


If the temperature increases from 20 °C to 60 °C 
at a pressure of 0.5 atm, which process is occur- 
ring? 


If the pressure increases from 0.5 atm to 1.0 atm 
at 60 °C, which process is occurring? 


Practice Test 1 


Directions: Each of the questions or incomplete statements below is followed by five answers or 
completions. Select the one that is best in each case and then fill in the corresponding oval on the 
answer sheet. 


12. 


13. 


Which of the following is the safest and most 
effective procedure to treat a base spill onto skin? 


(A) Dry the affected area with paper towels. 


(B) Flush the area with a dilute solution of 
HCl. 


(C) Flush the affected area with water and then 
with a dilute NaOH solution. 


(D) Flush the affected area with water and then 
with a dilute NaHCO, solution. 


(E) Flush the affected area with water and then 
with a dilute vinegar solution. 


Which of the following has an optical isomer? 
(A) CH 


(B) Br 
сн, си, с—си, 
CH, 
(C) CH, 
CH.CHCH,-C—0H 
(D) NH, 
CHCH_C_cHOH 


14. 


15. 


16. 


What was the key finding in Rutherford’s famous 

“gold-foil” experiment? 

(A) Electrons orbit the nucleus in concentric 
rings. 

(B) All neutrons are located in a central 
nucleus. 


(C) Most of the mass of an atom is located in a 
central, dense core. 


(D) Atoms are composed of positively and 
negatively charge particles. 


(E) Alpha particles are attracted to a negatively 
charged plate. 


Which of the following reactions is possible at the 
anode of a galvanic cell? 


(A) Zn > Zn** + 2e 

(В) Zn** + 2e > Zn 

(С) Ag +e Ag 

(D) Mg + Agt > Mg” + Ag 
(E) Pb*™* + 25 => РЫ, 


What is the final concentration of lead ions, 
[Pb**], in solution when 100 mL of 0.10 M 
PbCl (aq) is mixed with 100 mL of 0.050 M 
H,SO, (aq)? 

(A) 0.005 M 

(B) 0.012 M 

(C) 0.025 M 

(D) 0.250 M 

(E) 0.10M 


GO ON TO THE NEXT PAGE 
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17. 


18. 


19. 


20. 


Part IV: Practice Tests 


N,(g) + 3H,(g) <> 2NH,(g) 
AH?- -92 kJ 


Which of the following changes would cause a 
decrease in the equilibrium constant, E for the 
reaction shown above? 


(A) Decrease the temperature 
(B) Increase the temperature 


(C) Increase the pressure of the reaction vessel 
by decreasing the volume 


(D) The addition of nitrogen gas to the reaction 
vessel 


(E) The addition of argon gas to the reaction 
vessel 


ЗУ ec 
In the nuclear equation shown above, what is the 
missing product? 
(А) 8с 
(B) I 
(С) V 
(D) эл 
(E) Ce 


In a 1.0 L sample of 0.01 M potassium sulfate, 
K,SO, what is the minimum number of moles of 
calcium chloride, CaCl,, that can be added to the 
solution before the precipitate calcium sulfate 
forms? Assume that the addition of calcium chlo- 
ride has a negligible effect on the total volume of 
the solution. K, for CaSO, = 2.4 x 10° 


(A) 2.4 x 10? mol 
(B) 1.2 x 10? mol 
(C) 2.4 x 10? mol 
(D) 1.2 x 10? mol 
(E) 0.01 mol 


Which ofthe following combinations of quantum 
numbers (n, /, ml, ms) is not allowed? 


(А) 1, 1,0, 5 
(B) 3s 0, 0,-; 
(C) 2, 1,- , ; 
(D) 4,3, 22, -+ 
(Е) 4,2,0, 5 
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21. 


22. 


23. 


24. 


What would happen to the average kinetic energy 
of the molecules of a gas sample if the tempera- 
ture of the sample increased from 20°C to 40°C? 


(A) It would double. 

(B) It would increase. 

(C) It would decrease. 

(D) It would become half its value. 


(E) Two of the above. 


As the bond order of a bond increases, its bond 
energy and its bond length 


(A) increases, increases 
(B) decreases, decreases 
(C) increases, decreases 
(D) decreases, increases 


(E) is unaffected, increases 


At normal atmospheric pressure and a tempera- 
ture of 0°C, which phase(s) of H,O can exist? 


(A) Ice and water 

(B) Ice and water vapor 
(C) Water only 

(D) Water vapor only 
(E) Ice only 


Commercial vinegar was titrated with NaOH 
solution to determine the content of acetic acid, 
HC,HO,. For 20.0 milliliters of the vinegar, 36.0 
milliliters of 0.500-molar NaOH solution was 
required. What was the concentration of acetic 
acid in the vinegar assuming no other acid was 
present? 

(A) 1.80 M 

(B) 0.900 M 

(C) 0.750 M 

(D) 0.450 M 


(E) 0.028 M 
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25. Based on the data below for a reaction in which A Questions 27 and 28 refer to the following diagram: 
and B react to form C, what is the rate law for the 
reaction? 
Initial Rate of 
Formation of Т 
[A] (mol L) | [B] (mol L) |С (mol L~ s~!) > B 
E 
0.2 0.2 0.50 3 e 
0.4 0.2 2.00 E A 
A 
0.8 0.2 8.00 Ё 
0.2 0.4 1.00 
0.2 0.8 2.00 f | 
Reaction coordinate 


(A) Rate = k[A][B] 


(B) Rate = K[AT'[B] L A 
(C) Rate = ДАВ s 
(D) Rate = K[AP[BP a 
(E) Rate = ДАР 27. Which will be affected by the addition of a 
catalyst? 
26. In which of the following reactions does the (ten 
H,PO, ion act as an acid? ы ану 
(D НРО, + HO > HO* + HPO; (B) ILonly 
PS : : " (C) III only 
(ID H,PO, + HO > H,O* + НРО, 
_ (D) Land II 


(Ш) НРО + OH- > H,PO, + O> 
i (E) II and III 


(A) I only 

(B) H only 28. The reaction shown in the graph is a 
(C) III only reaction. 

(D) Land II (A) first-order 

(E) Land III (B) catalyzed 


(C) endothermic 
(D) exothermic 


(E) primary 


GO ON TO THE NEXT PAGE 
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Ionization Energies for element X (kJ mol) 
First | Second | Third | Fourth | Fifth 
801 2427 |3660 | 25024 |32827 
29. Theionizationenergies for element X are listed in 
the table above. On the basis of the data, which of 
the following is element X most likely to be? 
(A) Li 
(B) Be 
(C) B 
(D) C 
(E) N 
30. Whensolid sodium hydroxide, NaOH(s), is added 
to water at 25 ?C, it dissolves and the temperature 
of the solution increases. Which of the following 
is true for the values of AH and AS for the 
dissolving process? 
AH AS 
(A) + + 
(B) * = 
(C) 0 0 
(D) = = 
(E) = $ 
31. Copper is electroplated from CuSO, solution. A 


constant current of 10.00 amps is applied by an 
external power supply for exactly 75.0 minutes. 
How many grams of copper can be plated out 
during this time interval? The atomic mass of 
copper is 63.55. 


(А) 3.67 x 10° g 
(B) 0.247 g 

(C) 7.4g 

(D) 14.8g 

(E) 29.6 g 
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Question 32 refers to the following standard heats of 
formation, AH?f: 


32. 


33. 


34. 


35. 


AH°fP,O,,(8) = -3110 kJ/mol 


AH^f H,O() = 286 kJ/mol 
AH^f HPO (s) = -1279 kJ/mol 


Given the standard heats of formation shown 
above, calculate the change in enthalpy for the 
following process: 


P,O, (s) + 6 HjO() > 4 HPO, (s) 


4 10 
(A) -290 kJ 
(B) -1128 kJ 
(C) 2117 kJ 
(D) -3547 kJ 
(Е) 4675 kJ 


Types of hybridization exhibited by the C atoms in 


acetylene, C,H,, include which of the following? 


IL sp 
Ш. sp? 


(A) I only 
(B) II only 
(C) III only 
(D) I and II 
(E) Land III 


The nuclide " N isunstable. What type of radio- 
active decay would be expected? 


(A) В 
(B) p* 
(C) ф 
(D) о 
(E) gn 


0 


What volume of 0.500 M NaOH is required 
to neutralize 25.0 mL of 1.2 M H,SO ? (Assume 
complete ionization of the acid.) 


(A) 60 mL 
(B) 90 mL 

(C) 100 mL 
(D) 120 mL 
(E) 180 mL 


о 
РЕР. —H 
36. The organic compound represented above is an 
example of 
(A) an organic acid. 
(B) an alcohol. 
(C) an ether. 
(D) an aldehyde. 
(E) a ketone. 


37. The pH of a 1.0 M sodium acetate solution is 
(A) 7.0 
(B) greater than 7.0 
(C) less than 7.0 
(D) 0 
(E) impossible to predict 


C,H,(g) + 30,(g)  2CO,(g) + 2H,O() 


38. When 200.0 g of ethylene (C,H,) burns in oxygen 
to give carbon dioxide and water, how many 
grams of CO, are formed? 


(A) 200 g 
(B) 255g 
(C) 314g 
(D) 400 g 
(E) 628g 
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Question 39 refers to the phase diagram for a pure 
substance shown below: 


2.0 


in 
] 


E 
о 
| 


Pressure (atm) 


20 40 60 80 100 
Temperature (°C) 


39. The normal boiling point for the substance repre- 
sented in the phase diagram above is 


(A) 33 °C 
(B) 35°C 
(C) 44°C 
(D) 50°C 
(E) 28°C 


40. Whichofthe following solid salts should be more 
soluble in 1.0 M NH, than in water? 


(A) Na,CO, 
(B) KCI 
(C) AgBr 
(D) KNO, 
(E) NaBr 


GO ON TO THE NEXT PAGE 
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41. 


42. 


43. 


Part IV: Practice Tests 


In the graph below, which shows the relationship 
between concentration and time, what type of 
reaction is represented? 


1/ [A] 


Time (s) 


(A) Zero order 
(B) First order 
(C) Second order 
(D) Third order 


(E) The graph does not represent any type of 
reaction. 


What is the molar solubility of PbSO, in water at 
25 °C (K for PbSO, is 1.3x1075)? 

(A) 1.1 x 10^M 

(B) 2[2x10^M 

(C) 5.1 x 10^ M 

(D) 1.3 x 10° M 

(E) 1.3 x 105M 


PV 


-pr Will be less than 1 for a real gas where 


(A) the gas molecules are large enough to 
occupy a large amount of space. 


(B) there is a large sample of very fast moving 
particles. 
(C) the gas molecules have a very small molar 


mass. 


(D) the gas molecules are attracted to each 
other. 


(E) the gas molecules are repelled from each 
other. 
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2CO(g) + O,(g) <> 2CO,(g) 
AH? = -514.2 kJ 


44. Inthe above reaction, which factors will cause the 


equilibrium to shift to the right? 
I. An increase in volume 

IL An increase in temperature 
III. Removal of CO, 

(A) I only 

(B) II only 

(C) III only 

(D) I and II only 

(E) Папа Ш only 


. If the temperature of a solution changes, which 


measure of concentration will change? 
(A) Mass percent 

(B) Mole fraction 

(C) Molality 

(D) Molarity 


(E) None of these measures will change. 


. The pH ofa0.100 M solution of an aqueous weak 


acid (HA) is 4.00. The К. for the weak acid is 
(A) 1.0 x 10“ 
(B) 4.0 x 10+ 
(C) 1.0 x 107 
(D) 1.0x 10° 
(E) 4.0 x 10° 


47. Equal numbers of moles of the gases Cl,, NO,, 


and CH, are placed into an evacuated vessel 
equipped with a valve. The valve has a very small 
hold, similar to the size of a pinhole. If the valve 
is opened for a brief period of time and then 
closed, which will be true of the partial pressures 
of the gases remaining in the flask? 


(A) Ра, < Po, « Рон, 
(В) Pyro, < Pon, = Pa, 
(С) Porn, < Pa, < Pro, 
(D) Pyo, < Pa, < Pou, 
(E) Pon, < Pyo, < Pa, 


48. Liquid A and liquid B form a solution that be- 
haves ideally according to Raoult's law. The 
vapor pressures of the pure substances A and B 
are 75 mm Hg and 25 mm Hg, respectively. 
Determine the vapor pressure over the solution if 
1.50 moles of liquid A is added to 5.50 moles of 
liquid B. 

(A) 30.0 mm Hg 
(B) 35.7 mm Hg 
(C) 71.4 mm Hg 
(D) 125 mm Hg 


(E) 250 mm Hg 


49. How many grams are in a 6.94-mol sample of 
sodium hydroxide? 


(A) 40.0 g 
(B) 278g 
(C) 169 g 
(D) 131 g 
(B) 342g 


2C(s) + O,(g) > 2CO(g) 


50. 1.2 mol of O, and 3.50 mol of solid C are placed 
ina2.00L evacuated vessel at 25 °C. If the carbon 
and oxygen react completely to form CO(g), what 
will the final pressure be in the container? 


(A) 1.2 atm 

(B) 14.7 atm 
(C) 20.0 atm 
(D) 29.4 atm 
(E) 42.8 atm 


51. Anunknown substance is placed into a hot flame. 
The color ofthe flame is a bright red. Which of the 
following substances is most likely to be the 
unknown? 


(A) Cu(NO,), 
(B) NaCl 
(C) KCI 
(D) LiCl 
(E) Ba(NO,), 


52. 


53. 


54. 


Practice Test 1 491 


Vitamin Cis composed of 40.9% C, 4.58% H, and 
54.5296 O by mass. If the molar mass of vitamin 
C 1s 176.1, what is the molecular formula? 

(A) C, HO, 

(B) C,H,O, 

(C) C,H,O, 

(D) C.H,O, 


(E) CH, О 


4 1073 


A molecule or an ion is a Lewis base if it 

(A) accepts a proton from water. 

(B) accepts a pair of electrons to form a bond. 
(C) donates a pair of electrons to form a bond. 
(D) donates a proton to water. 


(E) donates a hydroxide ion in solution. 


2NO + O, <> 2NO, 


In an experiment, the gases above are allowed to 
establish equilibrium at 25 °C. If [NO] = [O,] = 
2.0 x 10% M, how would you set up the equation 
to determine [NO,]? 


[No, | 
20x 10* || 2.0 x 10° | 
[No, | 


20х10] [2.0x10° | 


(A) 4.0x 10° = [ 


(B) 4.0x 10° = 


NO, | 


(C) 40x 108 = [20x1o*T 
2 
NO 
(D) 2.0x 10% = i >] " 
[40x10 ] [40x10 ] 
2.010 [20х10] 
(E) 4.0 х 10° = 


[хо,] 
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55. 


56. 


57. 


58. 


Part IV: Practice Tests 


If an open container of salt solution is left out for 
an extended period of time in a room where 
temperature and pressure are constant, the vapor 
pressure of the solution will 


(A) increase over time. 

(B) decrease over time. 

(C) remain constant at all times 

(D) be zero since the container is open. 


(E) increase for a period of time and then 
sharply decrease. 


Са(ОН) (ад) + 2HNO,(aq)  Са(мо,), (ад) + 


2Н,0(0 
How many grams of Ca(NO,), сап be produced 
by reacting excess HNO, with 7.40 g of Ca(OH),? 
(A) 10.2 g 
(B) 16.4 g 
(С) 32.8 g 
(D) 8.22 g 
(E) 7.40 g 


Which of the following substances would you 
expect to have the lowest boiling point? 

(A) Diamond 

(B) Ammonia, NH, 

(C) Sodium acetate, NaC,H,O, 


(D) Glycerine, C,H (OH), 
(E) Silver 


Which substance(s) listed below would form ba- 
sic solutions? 


(D МН,СІ 

dD K,CO, 
(Ш) NaF 
(A) I only 
(B) II only 
(C) III only 
(D) I and II 
(E) IL and III 
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59. 


60. 


61. 


62. 


50.0 g of an unknown substance is heated to 
98.0 °C and then placed in a calorimeter con- 
taining 100.0 g of water (c = 4.18 J/g °C) at 
20.91 °C. The final temperature of the mixture 
is 23.0 °C. Which metal was used? 


(A) Aluminum (c = 0.90 J/g?C) 
(B) Iron (c 2 0.45 J/g?C) 

(C) Copper (c = 0.38 J/g?C) 
(D) Lead (c 2 0.13 J/g?C) 

(E) Silver (c = 0.23 J/g°C) 


C(s) + CO (g) <=> 2CO(g) 


In the reaction shown above, the value of К is 
167.5atatemperature of 1273 K. Ifthe Poo, atthis 
temperature is 0.10 atm, what will the P, be? 


(A) 0.1 atm 
(B) 4.1 atm 
(C) 12.9 atm 
(D) 16.7 atm 
(E) 53.0 atm 


0.05 mol of solid HgCl, is vaporized in a 1.00 L 
evacuated flask at 680 K. What is the pressure 
inside the flask? (The value ofthe gas constant, R, 
is 0.0821 L atm mol! K-!.) 


(A) 0.05 atm 
(B) 1.00 atm 
(C) 2.0 atm 
(D) 2.8 atm 
(E) 3.2 atm 


The volume of distilled water that should be 
added to 10.0 mL of 12.0 M HCl(aq) in order to 
prepare a 1.00 M HCl(aq) solution is approxi- 
mately 


(A) 50.0 mL 
(B) 60.0 mL 
(C) 100 mL 
(D) 110 mL 
(E) 120 mL 


63. 


64. 


CH,CH, FO H,CO NH, CO, BeCl, 


65. 


66. 


If G° > 0 for a reaction, which of the following 
statements about the equilibrium constant, K, is 
true? 


(A) K=0 
(B) K»1 
(C) K«1 
(D) K=1 
(E) K=G° 


How many of the following molecules have all of 
their atoms in the same plane? 


HO, 
(A) 3 
(B) 4 
(С) 5 
(D) 6 
(E) 7 


What is the coefficient for water when the equa- 
tion below is balanced? 
__As(OH), (s) + __H,SO, (aq) > 
__As,(SO,),(aq) + __H,O(/) 
(A) 1 
(B) 2 
(C) 4 
(D) 6 
(E) 12 


In a voltaic cell, one half cell contains a cobalt 
electrode immersed in a 1.0 M Co^ solution. In the 
other half cell, a lead electrode is immersed in a 1.0 
M РЪ+ solution. The value for E? is 0.15 V in this 
cell. In a similar voltaic cell, a cobalt electrode is 
immersed in a 0.0010 M Co* solution and a lead 
electrode is immersed in a 0.10 M Pb* solution. 
Which statement below accurately describes the 
second voltaic cell? 
Co* + 2е7 ә Со E?z-028V 
Pb*4-2e—Pb Е =- 0.13 У 
(A) The cell will have a lower Е. 
(B) The cell will have a higher E. 


(C) The cell will have an identical Е, since E is 
unaffected by concentration. 


(D) Cobalt will become the cathode. 
(E) The cathode will dissolve. 


Practice Test 1 


Refer to the data below to answer question 67. 


67. 


68. 


69. 


70. 


71. 


C, H.(g) > C,H,(g) + H,(g); H? = 137 kJ; 

S? = 120 J/K 
Based on the data above, the reaction will be 
(A) spontaneous at all temperatures. 
(B) spontaneous at high temperatures. 
(C) spontaneous only at low temperatures. 
(D) nonspontaneous at all temperatures. 


(E) nonspontaneous at high temperatures. 


Which of the following molecules has a dipole 
moment? 


(A) BCI, 
(B) CO, 
(C) PCI, 
(D) CI, 
(E) М, 


Which of the following solutions has the lowest 
freezing point? 

(A) 0.10 m C.H,,O,, 
(B) 0.10 m Col, 

(C) 0.10 m ZnSO, 
(D) 0.10 m Nal 


(E) 0.10 m Al, 


glucose 


What is the pH of a solution prepared by mixing 
50 mL of 0.125 M KOH with 0.050 L of 0.125 M 
НСІ? 


(А) 4.0 
(В) 5.7 
(С) 6.3 
(D) 7.0 
Œ) 8.1 


What volume of 18.0 M sulfuric acid must be used 
to prepare 15.5 L of 0.195 MH,SO,? 


(A) 168 mL 
(B) 0.336L 
(C) 92.3 mL 
(D) 226 mL 
(E) 125 mL 
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72. 


73. 


Part IV: Practice Tests 


A large, old car bumper is going to be chrome 
plated. This can be accomplished using an elec- 
trolytic cell where the bumper will act as a cath- 


ode in an acidic dichromate, CEO S solution. If 


the current is 20.0 amperes, how long will it take 
to deposit 100 grams of Cr(s) onto the bumper? 
The atomic mass of Cr is 52.00; 1 faraday = 
96,500 coulombs. 


(A) 15.5 h 
(B) 1.29 days 
(C) 309 min 
(D) 76.3s 
(E) 5.3 days 


The correct name for the compound [Co(NH,),]Cl, 
is 

(A) cobalt (III) hexammine chloride. 

(B) hexamminecobalt chloride (III). 

(C) hexamminecobalt (Ш) chloride. 

(D) hexamminecobalt trichloride. 

(E) hexamminecobalt (VI) chloride. 


74. 


75. 


Calculate the pH of a solution that is 0.2 M in 
acetic acid (К = 1.8 x 10?) and 0.2 M in sodium 
acetate. 


(A) 4.7 
(B) 9.3 
(C) 7.0 
(D) 5.4 
(E) 8.6 


Which of the following solutions would be or- 
ange? 

(A) KMnO, 

(B) Ni(NO,), 

(C) CuCl, 

(D) K,Cr,O, 

(E) Na,CrO, 


END OF SECTION I. IF YOU HAVE ANY TIME LEFT, GO OVER YOUR 


WORK IN THIS SECTION ONLY. DO NOT WORK IN ANY OTHER 


SECTION OF THE TEST. 
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SECTION Il REFERENCE INFORMATION 


1A 8A 
1 18 
1 2 
H | 2A ЗА 4A 5A бА 7A | He 
10079| 2 13 14 15 16 17 [4.0026 
3 4 5 6 7 8 9 10 
Li | Be C Ne 
6.941 | 9.012 12.011 20.179 
11 12 13 14 15 16 17 18 
Na | Mg | 3B. 4B 5B 6B 7B 8B 18 2B | AI Si P S Cl | Ar 
2299|2430| 3 4 5 6 7 8 9 10 11 12 [26.98 | 28.09 |30.974| 32.06 |35.453 39.948 
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
K Ca | Sc Ti V Сг | Mn | Fe | Co Ni | Cu | Zn | Ga | Ge | As | Se | Br | Kr 


39.10 | 40.08 | 44.96 | 47.90 | 50.94 | 52.00 |54.938| 55.85 | 58.93 | 58.69 | 63.55 | 65.39 | 69.72 | 72.59 | 74.92 | 78.96 | 79.90 | 83.80 
37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 
Rb | Sr Y Zr | Nb Mo| Tc | Ru | Rh | Pd | Ag | Cd | In | Sn | Sb | Te I Xe 
85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.1 1102.91/106.42]107.87|112.41]|114.821118.71]|121.751127.60|126.91]131.29 
35 56 57 72 73 74 75 76 TI 78 79 80 81 82 83 84 85 86 
Cs | Ba | La | Hf | Ta | W Re | Os | Ir | Pt | Au | Hg | TI | Pb | Bi | Po | At | Rn 
132.91/137.33/138.91]178.49|180.95|183.85|186.21| 190.2 | 192.2 |195.08/196.97|200.59|204.38| 207.2 |208.98| (209) | (210) | (222) 
87 88 89 104 | 105 | 106 | 107 | 108 | 109 
Fr | Ra | Ac | Unq | Опр | Unh | Uns | Uno | Une 
(223) |226.02|227.03] (261) | (262) | (263) | (264) | (265) | (266) 


58 59 60 61 62 63 64 65 66 67 68 69 70 71 

Lanthanide series | Ce | Pr | Nd | Pn | Sm Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu 
140.12|140.91|144.24| (145) | 150.4 |151.97|157.25]158.93|162.50|164.93|167.26|168.93]173.04]174.97 

90 | 91 | 92 | 93 | 94 | 95 | 96 | 97 | 98 | 99 | 100 | 101 | 102 | 103 

Actinide series} Th | Pa U | Np | Pu Am | Cm | Bk | Cf | Es | Fm | Md | No | Lr 
232.04|231.04|238.03|237.05| (244) | (243) | (247) | 247) | (251) | (252) | (257) | (258) | (259) | (260) 
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STANDARD REDUCTION POTENTIALS IN AQUEOUS SOLUTION 
AT 25°C 


Half-reaction E((V) 


Lit + e > Li(s) -3.05 
Cst +e > Cs(s) -2.92 
Kt+e > K(s) -2.92 
Rbt +е > Rb(s) -2.92 
Ba? + 2e > Ba(s) -2.90 
Sr* + 2e > Sr(s) -2.89 
Ca** + 2e > Ca(s) -2.87 
Na +e > Na(s) -2.71 
Му? 2e > Mg(s) -2.37 
Ве2* + 2e > Be(s) -1.70 
AP* + Зе > Al(s) -1.66 
Mn” + 2e > Mn(s) -1.18 
Zn* + 2e > Zn(s) -0.76 
Сг? + 3e > Cr(s) -0.74 
Fe^* + 2e > Fe(s) -0.44 
Cr+ + е > Cr+ -0.41 
Са“ + 2е` > Cd(s) -0.40 
TI +e > TI(s) -0.34 
Co* + 2e > Co(s) -0.28 
Ni*-2e€ > Ni(s) -0.25 
Sn? + 2e > Sn(s) -0.14 
Pb? + 2e > Pb(s) -0.13 
2H* + 2e > H.(g) 0.00 
S) + 2H+ + 2e > H,S(g) 0.14 
Sn” + 2e > Sn* 0.15 
Си++ е => Cut 0.15 
Cu? + 2e > Cu(s) 0.34 
Cut +e > Cu(s) 0.52 
L(s) + 2e > 2r 0.53 
Fe% + e > Fe? 0.77 
Hg,” + 2e > 2 Hg(/) 0.79 
Ag'-e > Ag(s) 0.80 
Hg* + 2e > Hg(/) 0.85 
2Hg* + 2e > Hg,” 0.92 
Br (D) + 2e > 2Br 1.07 
O,(g)+ 4H*+4e > 2Н,0(1) 1.23 
CL(g)-*2e > 2Cr 1.36 
Au* + Зе > Au(s) 1.50 
Co% + e > Co% 1.82 
F (8) + 2e > 2F 2.87 
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ATOMIC STRUCTURE 


р= ту 


-2478x10 5 | 
En = — —  —— joule 
n 


EQUILIBRIUM 


к. Гон 
[5] 

K „= [OR ][H*] = 1.0 x 107^ at25 °С 
=K,xK, 

pH = -log[H*], pOH = -log[OH7] 

14 = pH + pOH 

[^-] 

[HA] 

нв* | 

[5] 


-logK, 


pH= pK, + log 


pOH = pK, + log 


pK, =—logk_,, pK, 
K „= К (RTYn 


Where An = moles product gas — moles reactant gas 
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THERMOCHEMISTRY 


А$°= Me products — È S? reactants 
AH? = LH °f products — LH °f reactants 
AG? = ХАС °f products — x Gf reactants 


AG? = AH?^- TAS? 
-RT In K = -2.303 RT log К 


= -п E? 
AG = AG°+ RT InQ = AG? + 2.303RT 1080 
q = mcAT 
P= AT 

E = energy 


v= frequency 

À = wavelength 

p = momentum 

y = velocity 

n = principal quantum number 

т = mass 
Speed of light, c = 3.0 x 105 ms"! 
Planck's constant, h = 6.63 x 1073 J s 
Boltzmann's constant, k = 1.38 х 1022 JK"! 
Avogadro’s number = 6.022 х 10?? molecules тої! 
Electron charge, e = –1.602 х 107? coulomb 


1 electron volt per atom = 96.5 kJ mol! 
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EQUILIBRIUM CONSTANTS 


K, (weak acid) 

K, (weak base) 

K,, (water) 

K „(раз pressure) 

К. (molar concentrations) 

S? = standard entropy 

H’? = standard enthalpy 

G? = standard free energy 

E? = standard reduction potential 
T = temperature 


n = moles 
m — mass 
q = heat 


c = specific heat capacity 
C, ‚ = molar heat capacity at constant pressure 
1 faraday, "EF = 96,500 coulombs 


P = pressure 

V = volume 

T = temperature 

n = number of moles 


D = density 

m = mass 

v = velocity 

И тх = root-mean-square speed 


KE - kinetic energy 
r = rate of effusion 
M = molar mass 
T = osmotic pressure 
i = уап’ Hoff factor 
K,- molal freezing-point depression constant 
K, = molal boiling-point elevation constant 
О = reaction quotient 
I = current amperes 
q = charge (coulombs) 
t = time (seconds) 
E°= standard reduction potential 
K = equilibrium constant 
Gas constant, R = 8.31 J mol! K^! 
= 0.0821 L atm mol"! K^! 
= 8.31 volt coulomb mol! К^! 
Boltzmann's constant, k = 1.38 x 1023 J КУ! 
K,for H,O = 1.86 K kg mol! 
K, for H,O = 0.512 K kg mol! 
STP = 0.000 °C and 1.000 atm 
Faraday's constant, У = 96,500 coulombs per mole of electrons 
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GASES, LIQUIDS, AND SOLUTIONS 


PV = nRT 


(re v-m)- nRT 
V 


2 


moles A 


PA=P. x XA, where XA = 


total moles 


total 


Р = РА +РВ+РС+... 


total 


m 
п=— 
M 
K=°C +273 
PY, PV 
T d 
po 
V 
(ЗТ ІЗЕТ 
и = —— >= _—— 
mes m M 
1 


KE per molecule = 2 my? 


3 
KE per mole = 2 Rin 


molarity, M = moles solute per liter solution 
molality = moles solute per kilogram solvent 
AT, = iK rx molality 
AT, = iK, x molality 
nRT 
V 


i 


л = 


OXIDATION-REDUCTION; ELECTROCHEMISTRY 
[cT [DT 


Q- [AT [B] , Where aA + bB > cC + ар 


o RT 
E on Е BE = nk In Q 


o 0.0592 


cell — 


log Q at 25°C 


n 


_ nE? 
~ 0.0592 


log K 
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SECTION Il 


Time—90 Minutes 


Part A 
Time—40 Minutes 


YOU MAY USE YOUR CALCULATOR FOR PART A. 


Directions: CLEARLY SHOW THE METHOD USED AND STEPS INVOLVED IN ARRIVING 
AT YOUR ANSWERS. It is to your advantage to do this because you may earn partial credit if you 
do, and you will receive little or no credit if you do not. Attention should be paid to significant figures. 


Answer Question 1 below. The Section II weighting for this question is 20 percent. Write all of your 
answers in the space provided following each question. 


1. The solubility of calcium oxalate, CaC,O,, is 6.1 x 10? g per liter at 25 °С. 
(a) Determine the molar solubility of CaC,O, at 25 °C. 
(b) Write a balanced equation for the solubility equilibrium. 
(c) Write the expression for the solubility product constant, K and calculate its value. 


(d) If CaC,O, is placed in a 0.10 M CaCl, solution, how will this affect the molar solubility? Explain, and 
show calculations to support your answer. 


(e) If 50.0 mL of 0.0025 М CaCl, is added to 50.0 mL of 1.0 x 10° M Na,C,O,, will any calcium oxalate 
precipitate? 


GO ON TO THE NEXT PAGE 
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Directions: Answer EITHER Question 2 OR Question 3. Only one of these questions will be graded. 
If you start both questions, make sure you cross out the one you do not want scored. The Section II 
weight for the question you choose is 20 percent. 


2. L(g) + Br,(g) — 2IBr(g) 


0.0015 mol each of I, and Br, were placed into an evacuated 5.0 L vessel at 150 °C. The contents are allowed to 
come to equilibrium at this temperature, and the equilibrium constant K is measured at 1.2 x 10°. 


(a) Write the equilibrium expression, K , for this reaction. 
(b) Calculate the equilibrium composition of the mixture at 150 °C. 
(c) Calculate the value of K , at this same temperature. 


(d) What effect would adding 0.05 mol of I, have on the mixture at equilibrium? Explain. 


3. 280,(g) + O(g) > 2S0,(g) 


Substance AH°f (kJ/mol) S? (J/K * mol) 
SO,(g) -297 248 
SO,(g) -396 257 

O(g) 0 205 


The reaction, shown above, is carried out at 25 ?C and 1 atm pressure. 
(a) Calculate the value of the standard enthalpy change, ЛА. 
(b) Calculate the value of the standard entropy change, AS°. 
(c) Calculate the value of the standard free energy change, АС. 
(d) Discuss whether at this temperature the reaction is 
(i) endothermic or exothermic. 
(ii) increasing or decreasing in entropy. 


(iii) spontaneous or nonspontaneous. 
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Part B 
Time—50 minutes 


YOU MAY NOT USE CALCULATORS WITH PART B. 


Directions: Answer Question 4 below. The Section II score weighting for this question is 15 percent. 


4. Write the formulas to show the reactants and products for FIVE of the eight equations written below. Answers 
to more than five responses will not be scored, so be sure to cross out any incomplete responses. Assume that 
each reaction occurs. Also assume that all solutions are aqueous unless otherwise stated. If substances are 
extensively ionized in solution, be sure to represent them as such. Omit formulas for ions or molecules that are 
unchanged during the reaction. Equations need not be balanced. 


Example: A strip of magnesium is added to a solution of silver nitrate. 
Answer: Mg +Ag*— Mg” + Ag 


(a) Ethanol and formic acid (methanoic acid) are mixed and gently heated. 

(b) Solid ammonium carbonate is heated. 

(c) A solution of potassium iodide is electrolyzed. 

(d) Sodium metal is added to water. 

(e) A strip of copper is submerged in dilute nitric acid. 

(f) Chlorine gas is bubbled into a solution of potassium iodide. 

(g) Equal volumes of 0.1 M sulfuric acid and 0.1 M potassium hydroxide are mixed. 


(h) Ethanol is completely burned in air. 


GO ON TO THE NEXT PAGE 
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Directions: For the remainder of the exam, your responses will be graded according to their accuracy 
and relevancy. Your responses should be well organized and presented in a clear, concise manner. 
Brief, specific answers are preferable to longer, general responses. You may use any examples or 
equations if they are appropriate. 


Answer BOTH Question 5 on this page AND Question 6 on the next page. Both of these questions 
are required and each will be graded. The weighting of these two questions in Section II is 30 percent 
(15 percent each). 


5. 2SO,(g) <> 2S0,(g) + O,(g) AH? = 197 kJ 


For the reaction shown above, describe the changes that will occur to the number of moles of SO, under the 
following conditions: 


(a) Additional oxygen is added to the reaction vessel. 

(b) The pressure in the reaction vessel is decreased by increasing its volume. 
(c) The pressure is increased by the addition of helium gas. 

(d) The temperature is increased. 


(e) Oxygen gas is removed. 
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6. A student performed a titration of a weak, monoprotic acid, HA, with a sodium hydroxide, NaOH, solution. 


(a) On the graph that is provided, sketch an approximate representation of the titration curve for the 
experiment. On the curve, label the equivalence point. 


pH 


Volume of NaOH (mL) 


(b) Discuss at least two ways in which the sketch in (a) differs from the plot that would result from the 
titration of a strong, monoprotic, like НСІ. 


(c) The student has a choice between the two indicators: methyl red (pH range 4.8 — 6.0) or phenol- 
phthalein (pH range = 8.2 — 10.0). Which should she choose? Justify your response. 


(d) While the student was performing her first trial, she dispensed 50.0 mL of titrant (base) from her 
buret (the maximum), but her analyte (acid) still had not changed color. What is the most likely 
source of her error (assume that she did put an indicator in the analyte)? 


GO ON TO THE NEXT PAGE 
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Directions: Answer EITHER Question 7 OR Question 8. Only one of the two questions will be 
graded. If you start both questions, make sure you cross out the one you don’t want to be scored. The 
Section II weighting of the question you answer is 15 percent. 


7. Two identical sealed 1.0 L containers are filled at STP with N, and SF,. 
(a) Which gas has the greatest number of molecules? 
(b) Which gas has the greatest density? 
(c) Which has the highest average kinetic energy? 
(d) Which would deviate the most from ideal behavior? 


(e) If a pinhole leak was formed, which has the highest rate of effusion? 


8. Answer the following using appropriate chemical principles. 


(a) The meniscus in a small mercury-filled tube is higher in the middle than at the edges, while the 
meniscus in a small water filled tube is lower in the middle than at the edges. 


(b) Solid salt crystals won't conduct electricity, but a solution of salt water will. 
(c) Water evaporates more quickly on a hot, dry day than on a hot, humid day. 


(d) A burn from steam is usually much more severe than a burn from boiling water. 


END OF SECTION II. IF YOU HAVE ANY TIME LEFT, GO OVER YOUR 


WORK IN THIS SECTION ONLY. DO NOT WORK IN ANY OTHER 
SECTION OF THE TEST. 
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Section | 


1. 


The correct answer is (C). The orbital diagram in 
choice (C) shows filled s and p sublevels, which are 
characteristic of the nonreactive noble gases. 


. The correct answer is (A). In choice (A), two 


electrons in the same orbital have like spins, which 
is not allowed by the Pauli Exclusion Principle 
(they must have opposite spins). 


. The correct answer is (B). The second electron in 


the p orbital should go into a different orbital. 
According to Hund’s rule, all orbitals should fill 
with a single electron (each having like spins) prior 
to a second electron entering any orbital. 


. The correct answer is (D). The only way a single 


electron could be in an orbital that is of higher 
energy than an unoccupied orbital is if it is excited. 


. Thecorrect answer is (E). Octane is a much larger 


molecule allowing for a greater number of interac- 
tions between the molecules. This attractive force 
is sufficient to allow octane to remain in the liquid 
state at higher temperatures. 


. The correct answer is (B). The identical bond 


lengths in each carbon-carbon bond in the benzene 
ring shows that all bonds are identical. This contra- 
dicts the model that would show three double 
bonds and three single bonds. If that model were 
correct, the double bonds would be shorter than the 
single bonds. The logical conclusion is that the 
electrons delocalize and spread around the entire 
ring so that all are shared equally. 


. The correct answer is (D). According to electron 


configuration of carbon, the carbon atom should have 
two electrons in the 25 orbital and one in each of the 
two 2p orbitals. The four carbon-hydrogen bonds in 
methane should be different because of the different 
orbitals, yetexperimental evidence shows them to be 
the same. The solution is that one of the 25 electrons 
is raised to a p orbital, and the result is the formation 
of four identical hybridized sp? orbitals. 


. The correct answer is (E). Since He and Xe are 


both single atoms, the only intermolecular forces 
that can act between them are dispersion forces. 
Because xenon is a much larger atom, it has a larger 


10. 


11. 


12. 


13. 


14. 
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electron density that can lead to a greater fluctua- 
tion in charge distribution, causing larger disper- 
sion forces. 


. The correct answer is (B). Following the chart, 


the transition from 40 to 60 degrees at the constant 
pressure of 1.5 atm moves from solid to liquid, 
which is indicative of melting. 


The correct answer is (C). At the low pressure 
listed in the problem, the change in temperature 
moves the substance from the solid state to the 
gaseous state, otherwise known as sublimation. 


The correct answer is (D). This process varies the 
pressure while maintaining constant temperature. 
This causes a change from a gas to a liquid, other- 
wise known as condensation. 


The correct answer is (E). A base spill should be 
treated with large amounts of water. Although 
water will dilute the base, a weak acid will more 
quickly neutralize the base and should, therefore, 
be used. If a strong acid is used, it could quickly 
neutralize the base, but if too much is used, the 
effects could be as harmful, or more harmful, than 
the base. A weak acid won't be harmful if too much 
is used. 


The correct answer is (D). Optical isomers are 
non-superimposable mirror images. In the final 
example (choice D), all four groups are different 
and the molecular structure does not allow for the 
mirror images to be superimposed. 


The correct answer is (C). The unexpected and 
significant finding in Rutherford’s “gold foil" 
experiment was that the alpha particles were de- 
flected as they passed through the foil. Had 
Thomson’s model of the atom been correct, it was 
predicted that the alpha particle should pass 
through unhindered. This finding led him to con- 
clude that there must be a very dense, positively 
charged (repels the positively charged alpha par- 
ticle) core, which is now known as the nucleus. 
Although choice (B) mentions the nucleus, it also 
mentions neutrons, which weren’t discovered until 
much later. 
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15. The correct answer is (A). The anode in a gal- 
vanic (voltaic) cellis where oxidation occurs. Choice 
(A) is the only example of an oxidation that could 
occur in a half-cell (Zinc is losing electrons). 


16. The correct answer is (C). In this problem, you 
hopefully recognized that lead and sulfate will 
form a precipitate. What that means is that when the 
two substances combine, the precipitate will fall 
out of solution, leaving behind a certain amount of 
lead ions. Solving the problem requires you to 
determine the quantity of precipitate that can form 
(from the stoichiometric ratios) and then see if 
there is any lead left over. 


Step 1: Determine how much lead is present in 100 
mL of PbCL. 


0.100 L x 0.1 M PbCL, = 0.01 mol PbCL, 


Step 2: Use the stoichiometric ratios to determine 
how much РЫС1, is required to completely react 
with H580,: 

0.1 L x 0.050 M H5SO, = 5 x 10? mol H,SO, 


If an equation is written to show the formation of 
the precipitate, 
Pb?*(aq) + SO,” (aq) — PbSO,(s) 

you can see that only one mole of lead ions is 
required for each mole of sulfate. As a result, 0.005 
mol of PbCI, will react with the 0.005 mol H,SO, 
to yield 0.005 mol PbSO,. That leaves 0.005 mol 
Pb?* ions left over. 


Because the problem is asking for the concentra- 
tion of Pb?*, you need to divide the number of 
moles by the volume, in this case 200 mL. There- 
fore, the solution will be 


0.005 mol PbSO, 


= 0.025 M 
0.200 L ee 


17. The correct answer is (B). Because the reaction is 
exothermic, an increase in temperature will cause 
the equilibrium to shift to the left, reducing the 
value of K,,. All of the other changes will cause a 
shift to the right (which increases the value of Кы. 


18. The correct answer is (E). In the beta decay 
shown, vanadium—53 will convert a neutron to a 
proton and a beta particle. The proton will increase 
the atomic number by 1, while maintaining a con- 
stant mass number. The new element, therefore, is 
chromium-53. 
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19. The correct answer is (C). To solve this, you need 
to use the K,, expression for CaSO,. 
K, = [Са2+][50,2-] 
From the given information in the problem we сап 
calculate the concentration of sulfate ion in solu- 
tion. Once that has been determined, you can use 
the given К, to solve for [Ca?*]. 
0.01 M K,SO, x 1.0L 2 0.01 mol K,SO, 
1 mol SO D 


0.01 mol K,SO, х торк 50; 


= 0.01 mol SO, 


0.01 mol SO; 
1.0 L soln 
Ky = [Са?*][$О,7-] 
2.4 x 1075 = [Са?+] (0.01 M SO4^) 
[Ca?*] = 2.4 x 102 M 
In 1.0 L of solution, this amounts to 2.4 x 
1073 mol Ca?*, which can be found in 2.4 x 


10 mol CaCl, (since each mole of CaCl, yields 
one mole of Ca?*). 


= 0.01 M SO,- 


20. The correct answer is (A). The values for the / 


quantum number сап only go as high as n-1, 
meaning/ can't have a value of 1 when n = 1. An! 
value of І corresponds to a p orbital, which is not 
found in the first energy level. 


21. The correct answer is (B). Be careful not to fall 


for questions like this one. The temperature gives 
the initial impression that it has doubled. Doubling 
the temperature will cause pressure and kinetic 
energy to double. However, careful observation 
will show that the absolute temperature is not 
doubling. The absolute temperature is only chang- 
ing from 293 K to 313 K. Therefore, the average 
kinetic energy will increase, but it won't double. 


22. The correct answer is (C). Bond order is the 


number of pairs of electrons shared between two 
atoms. Increasing the number of pairs of electrons 
being shared between atoms will increase the at- 
tractive force between the two atoms, which will 
cause à corresponding increase in the amount of 
energy required to break apart the atoms. This has 
the effect of pulling the atoms closer together 
(decreasing the bond length). 


23. The correct answer is (A). Under normal atmo- 


spheric pressure, water can only exist as only liquid 
or solid at 0 °. If the pressure is manipulated, water 
can also exist as a gas, but that is not required in this 
problem. 


24. The correct answer is (B). From a conceptual 
perspective, remember that to neutralize an acid 
you must add enough strong base so that all of the 
hydrogen (hydronium) ions in the acid combine 
with the hydroxide ions of the base to form water. 
Therefore, if you determine the number of moles of 
hydroxide ions you add to the mixture during the 
titration, this should equal the number of moles of 
acid when the solution is neutral. 


The number of moles of base required for the 
neutralization was 


mol 
0.036 L x 0.500 а= 0.018 mol NaOH 


Because acetic acid is monoprotic, this is how 
many moles of acetic acid must be present in the 20 
mL sample. To determine the molarity of the sample, 
we can use the molarity equation: 


_ 0.018 mol 
~ 0.020 L 


25. The correct answer is (B). In each of the first 
three measurements, when the concentration of A 
is doubled while B is held constant, the initial rate 
increases by four times (22). This leads to the [А]? 
expression. In the last two pieces of data, the 
concentration of B is doubled while A is held 


= 0.900 M 


constant. This causes a doubling in the initial rate, 
meaning the reaction is first order for B. 


26. The correct answer is (B). In equation П, H;PO,* 
donates a proton, making it an acid. In equations I 
and III, it is receiving a proton, making it a base. 


27. The correct answer is (E). One of the more 
important things to remember about catalysts is 
that they do not reduce the energy change between 
reactants and products (labeled A in the diagram). 
A catalyst helps to provide a pathway with reduced 
activation energy. This will lower the heights of B 
and C on the chart. 


28. The correct answer is (D). The reaction is exo- 
thermic because the energy of the products is lower 
than the energy of the reactants. This loss of energy 
is in the form of heat. 


29. The correct answer is (C). There is an enormous 
gap between the third and fourth energy levels, 
meaning that the third electron was significantly 
easier to remove than the fourth. This is character- 
istic of an element in Group III because the fourth 
electron needs to come from a lower energy level. 
In addition, the removal of the three previous 
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electrons leaves the nucleus with extra protons, 
leading to a very high effective nuclear charge on 
the fourth electron. Finally, the first three electrons 
are more shielded than the fourth electron since 
they are in a higher energy level. 


30. The correct answer is (E). Dissolving increases 
the entropy of a substance because the particles are 
moving farther apart, and hence have more free- 
dom ofrandom motion. An increase in temperature 
is indicative of an exothermic process. Hence, H 
will be negative and S will be positive. 

31. The correct answer is (D). In this problem you 
need to determine how many moles of electrons аге 
produced. From this you can determine how many 
moles of copper can be reduced at the cathode. 


ES srs telcos " 
10А x| IAs I min | 7450 x IU C 


dsüxdgtQx MEE. oam 
96 500 


1 mol ii 63.55 g 


em E) = 14.8 g Cu 


0.4663 mol e x | 2 mole- 


32. The correct answer is (A). In order to determine 
the enthalpy change for the reaction, you need to 
use Hess’s law: 


AH°rxn=XnAH°f(products) - X mAH?f(reactants) 
АН°ҒР О 0(5) = 23110 kJ/mol 

AH°fH,O(/) = –286 kJ/mol 

AH?f H4PO,(s) = -1279 kJ/mol 


The solution is obtained by substituting the given 
values into the equation: 


= 4(H,PO,) - [P,O,, + 6(H,O)] 


4~ 10 

= 4(-1279) -[-3110 + 6(—286)] = -290 kJ 

33. The correct answer is (A). In the acetylene 
molecule, one electron in the 2s orbital of carbon is 
promoted to the unoccupied 2p orbital. The 2s and 
one of the 2p orbitals hybridize to form two sp 
hybrid orbitals, which will form the C-H bond and 
the o C-C bond. The two x bonds between the C 
atoms are formed by the two unhybridized p orbit- 
als from each carbon. 


34. The correct answer is (B). The most obvious 
feature to note about the isotope shown is that the 
number of neutrons is less than the number of 
protons. The most likely decay, therefore, is one 
that will increase the number of neutrons and 
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35. 


36. 


37. 


38. 


39. 


40. 
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decrease the number of protons. In a positron 
emission, a proton is converted to a neutron and a 
positron. This has the effect of decreasing the 
atomic number by one while maintaining the same 
mass number. In this case, nitrogen-13 becomes 
carbon-13, which now has more neutrons than 
protons. 

The correct answer is (D). This problem is 
another neutralization problem, but this time the 
acid is a diprotic acid. As a result, each mole of 
H,SO, will yield two moles of hydrogen ions. The 
calculation is as follows: 


Moles of H,SO, in 25 mL of 1.2 M H5850, 


mol 
0.025 L x 1.2 E E 0.03 mol H,SO, 


Therefore, there will be 0.06 mol H*. To neutralize 
this will require 0.06 mol OH . To finish the prob- 
lem, 


0.06 mol 
XL 
The correct answer is (D). The key to identifying 
ап aldehyde is the carbonyl group on the last carbon 
atom. 


=0.5 M; X = 0.120 L or 120 mL 


The correct answer is (B). This is a salt produced 
from the cation of a strong base and the anion of a 
weak acid. Sodium therefore, is a very weak acid, 
but acetate is a strong base. Remember, the conju- 
gate base of a weak acid is strong. The acetate ion 
will hydrolyze to form hydroxide ions. 


The correct answer is (E). This is а mass—to— 
mass conversion. The solution is as follows: 


C,H, (g) + 30, (g) > 2CO,(g) + 2H,O(I) 


1 mol C,H, 2 mol CO, 
200. g C,H, x точат | * 


28.01 g 1 mol C,H, 
44.01 g CO, 
1 mol CO, - 628g 


The correct answer is (C). The normal boiling 
point is determined by the temperature where the 
liquid-gas line (on the phase diagram) 15 crossed by 
the 1.0 atm mark. 


The correct answer is (C). The solubility equilib- 
rium of AgBr is shown below: 


AgBr(s) => Ag*(aq) + Br (aq) 
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42. 


43. 


44. 


45. 


In the presence of NH., the silver ion, Ag*, forms 
the complex ion Ag(NH;)^*. When this ion forms, 
it removes silver ions from the solution, thus driv- 
ing the equilibrium reaction to the right. 


The correct answer is (C). This is one you should 
probably commit to memory. First-order reactions 
can be transformed to straight-line graphs if the 
natural log of the concentration of the reactant is 
plotted against time. Second-order reactions, like 
the one represented in the graph for this question, 
are transformed to straight-line graphs by plotting 
the reciprocal of the concentration. 


The correct answer is (A). In this question, you 
just need to set up the equilibrium expression for 
lead (II) sulfate, which is 


Ke = [Pb?*] [50,27] 
By determining the concentrations of lead and 


sulfate at equilibrium, we can tell how much of it is 
soluble. 
Let x= [Pb] = [SO] 
K,-xX 
1.3 x 10° = x? 


413x1075 =x= 1.1 x 10* M 


The correct answer is (D). The attractions be- 
tween gas particles will cause them to exert less 
force on the walls of the container, thereby exerting 
less pressure. This will decrease the value of the 
numerator of the fraction, thereby making the re- 
sult less than 1. 


The correct answer is (C). In the reaction shown, 
an increase in volume will cause a decrease in 
pressure. This favors the reaction to the left because 
there are more moles of gas. Because the reaction is 
exothermic, an increase in temperature will also 
drive the reaction to the left. Removing CO, will 
cause the reaction to shift right to replace the re- 
moved gas. Therefore, choice (C) is the only pos- 
sible answer. 


The correct answer is (D). Choices (A), (B), and 
(C) are all based on weights, which do not change 
with changes in temperature. Molarity on the other 
hand is a concentration unit comparing mass per 
unit of volume. Because volume is affected by 
changes in temperature, molarity will be affected 
by temperature increase. 


46. Thecorrect answeris (C). In orderto solve forthe 
К, you will need to use the expression taken from 
the dissociation of HA: 


HA > H+ + A- 
н [Ат 
R 


47. The correct answer is (E). In this problem, you 
need to remember that lighter gases effuse more 
quickly than heavier gases. That means that CH, 
will effuse most quickly, followed by NO,, and 
finally Cl,. That means that after the time period, 
more CH, will have effused than NO,. Cl, will 
have effused the least, so it will be the most plenti- 
ful in the flask. Since partial pressures are propor- 
tional to mole fractions, the most plentiful gas will 
also exert the greatest partial pressure. 


48. The correct answer is (B). The total pressure can 
be determined using the equation below: 


Pa P te gH ХР", +Х.Р 


total 


1.50 mol 
uu = ү. nul (75 mm Hg) + 
5.50 mol 
70 mol (25 mm Hg) = 35.7 mm Hg 


49. The correct answer is (B). This is a standard 
mole-to-gram conversion using the molar mass of 
the substance: 


40.0 g NaOH 
1 mol NaOH 


50. The correct answer is (D). There are a few things 
to look out for in this problem. First the temperature 
is given in degrees Celsius (so it must be con- 
verted). The second is the stoichiometry. The bal- 
anced equation states that two moles of carbon are 
needed for each mole of oxygen. In the problem, 
the amount of carbon given is an excess since the 
1.20 mol of О» will only require 2.40 mol of C. It is 
very important, then, to not use the 3.50 mol value 
in the calculation. The number of moles of CO that 
are produced will be twice that of the oxygen that 
is used. Because 1.2 moles of oxygen are con- 
sumed, 2.4 mol of CO will be produced. With this 
out of the way, we can use the ideal gas law to solve 
for P: 


6.94 mol NaOH x =278 g 


51. 


52. 


53. 
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p= nRT 
V 
7 (2.4 mol CO) (0.0821 L atm mol'K") (298 K) 
i 2.00L 
= 29.4 atm 


The correct answer is (D). Lithium salts burn 
bright red in flame tests. Strontium does also, but it 
is not listed as a choice. 


The correct answer is (D). First, the percentages 
should be used to determine the empirical formula 
of vitamin C. The empirical formula can then be 
compared to the molecular formula, and any ad- 
justments can be made at that time. 


Because percents are given instead of moles or 
grams, assume a 100 g sample to simplify the 
problem: 


1 mol C 
40.9g Cx 12010 eC zC = 3.41 mol C 
1 mol H 
4.58g Hx LoleH sH = 4.53 mol H 
mol O 
54.52 g Ox 16.0020 20 = 3.41 mol O 


In the next step, each is to be divided by the smallest 
number of moles (3.41): 


б= eqs 
7341 ^ 
H= 253 145 
^ 341 ^ 
ga aie 
^34] ^ 


In order to make this work, you will need to 
multiply every value by 3. Therefore, the empirical 
formula for the compound will be 
C4H40, 

The formula weight for this compound is 88.1 g. 
Because this is exactly one half of the molecular 
weight, the subscripts for all substances in the 
empirical formula must be multiplied by 2: 

C&H3O, = vitamin C (ascorbic acid) 
The correct answer is (C). This is simply the 
definition of Lewis acids and bases. Lewis acids 
accept a pair of electrons while Lewis bases donate 
a pair of electrons. 
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54. 


55. 


56. 
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The correct answer is (B). This is a matter of 
remembering the proper procedures for writing an 
equilibrium constant. In the expression, the 
product(s) is the numerator and the reactant(s) is 
the denominator. The coefficients for each should 
become exponents. Therefore in the reaction shown, 
the equilibrium expression should be 


_ [No,] 
[No] [0, | 


Choice (B) represents this with the given informa- 
tion substituted in. 


The correct answer is (B). As the salt solution sits 
out, water will continue to evaporate while the 
amount of solute will remain constant. As a result, 
the concentration of the solution continues to in- 
crease over time. This causes the vapor pressure to 
decrease over time. 


The correct answer is (B). A mass-to-mass con- 
version. The solution is as follows: 


Ca(OH), (aq) + 2HNO (aq) —Ca(NO,) (aq)  2H,O(I) 


57. 


58. 


59. 


7.40 g Ca(OH), (emm. 


74.1 g 


1 mol Ca(NO,), |[ 164.1 g Ca(NO,), 
1 mol Са(ОН), 1 mol Ca(NO3) 
-]164g 


The correct answer is (B). NH; has the weakest 
intermolecular forces of the other molecules. Dia- 
mond exists in a covalent network bond, sodium 
acetate is an ionic compound, and glycerine con- 
tains several C-O and O-H bonds (which allow 
hydrogen bonding). Silverhas metallic bonds while 
ammonia, NH,, is only held together by fairly weak 
hydrogen bonds (the N-H bond is not very polar). 


The correct answer is (E). NH,Cl is a salt 
formed from a weak base (NH) and a strong acid 
(НСІ). It will hydrolyze to form an acidic solution. 
The other two substances, NaF and К,СО;, are 
salts of strong bases and weak acids. As a result, 
the conjugates, F- and CO; , will hydrolyze to 
form basic solutions. 


The correct answer is (E). This problem requires 
the use of the formula for determining the specific 
heatofasubstance. You also have to remember that 
the amount of heat lost by the object as it cools will 
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62. 


be the same as the amount of heat gained by the 
water. First, we can determine the amount of heat 
gained by the water: 
q = mCpAT = (100.0 g)(4.18 J/g °C)(2.09 °С) 

= 873.6 J 
Knowing this, we can assume that it is the same as 
the amount of heat that was lost by the unknown 
metal. We can determine the specific heat of the 
metal using the formula below: 


| q _ 8761 
(50.0 gX75*C) 


> RAT = 0.23 J/g?C 

The correct answer is (B). An important consider- 
ation when you set this problem up is to remember 
that C is a solid and should not be entered into the 
equilibrium constant expression. As a result, the 
expression for K, should be written as: 


(Poy 


K,= iz 
| со, ) 
The other important thing to remember is to square 
the value of Рсо because of the coefficient of it has 
in the balanced equation. Substituting the value of 
K and the value of Pco, into the equation, we 
find that: 


P 2 
167.5 = feo) _ 
0.10 atm 


Р. = V16.75 = 4.1 


The correct answer is (D). 


This problem requires the use of the ideal gas 
equation, РУ = пАТ. You are given all but P, so the 
problem can be set up as: 


p= nRT 
V 
_ (0.05 mol)0.0821 L atm mol 'K X680 K) 
i 1.00L 
— 2.8 atm 


The correct answer is (D). This is a dilution 
problem. In order to solve it, you need to use a 
modified version of the molarity equation. You 
know the molarity and the volume of the original 
solution, which means you can determine the num- 
ber of moles of HClin the original 10.0 mL. This is 


done using the calculation: 


63. 


64. 


65. 


66. 


mol 
0.010 L x 12.0 = 0.12 mol НСІ 


You need to add enough water so that the TOTAL 
volume (the 10 mL you started with plus what you 
added) is sufficient to create a molarity of 1.00 M. 


mol 
Vf x 1.00 = 0.12 mol НС1 


Vf = 0.120 L, meaning that 110 mL must be added 
to the 10 mL you started with to give a new volume 
of 120 mL (0.120 L). The shortcut formula that can 
be used to solve this type of problem is: 


M 1 Vi =M 2V2 
Where the subscripts 1 and 2 represent the initial 
and final states. 


The correct answer is (C). To determine the 


correct answer you need to use the relationship 
AG? = -RT In K or AG? = -2.303 RT log К 


For this step, you need to recall that the when K is 
greater than 1, log K (or InK) is positive, and 
therefore AG? is negative. When K is less than 1, 
log K (In K) is negative, and AG? is positive. So, 
when K is less than 1, the value of AG? will be 
positive. 

The correct answer is (C). Of the seven choices, 
three are very easy to identify—the molecules with 
only three atoms in them. A molecule with three 
atoms must existin a single plane. The next are a bit 
trickier. Ethylene (ethene), because of the pi bond 
between the carbon atoms, is locked into a rigid 
structure that is in a single plane. In the remaining 
structures, the lone pair electrons in ammonia, 
NH;, push the hydrogen atoms into a pyramidal 
geometry. The C=O double bond in formaldehyde 
(methanal) locks the molecule in a planar configu- 
ration. The hydrogen peroxide molecule is the most 
difficult to identify. It forms a rather strange struc- 
ture known as a skew-chain, whichis not planar but 
rather bends into two planes. So, there are five 
different molecules among the choices that have all 
atoms in the same plane. 


Thecorrect answer is (D). The balanced equation, 
which balanced rather easily if you start with the 
polyatomic ion sulfate, is 

2 As(OH), (5) + 3 H5SO, (aq) > 

As,(SO4)3(aq) + 6 H5O(I) 

The correct answer is (B). This problem requires 
the use of the Nernst equation (or at least its 
application). However, before you can solve the 


67. 


68. 


69. 
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equation, you need to know which electrode is the 
cathode and which is the anode. Remember, the 
substance with the most negative reduction poten- 
tial is the most easily oxidized, making it the anode. 
In this problem, lead is the anode and cobalt the 
cathode. The emf of the second cell can be deter- 


mined by 
= ро 0.0592 logo 
-015V-— 0.0592 xlog 0.001 
2 0.10 
=0.21V 


You won’t have a calculator to figure this out, but 
with a little logic you can still get the answer. 
Remember that the logarithm of a number less than 
1 will be negative. Therefore, in the equation, you 
will be subtracting a negative number (which is the 
same as adding a positive). This will produce a 
result that is larger than the original voltage, which, 
in this case, is all the answer requires you to know. 


The correct answer is (B). For this problem, refer 
to the equation: 


AG= AH — TAS 
A negative G indicates a spontaneous reaction. If 
you substitute the values of AH and AS in the 
equation, 
AG= 1.37 x 103 J - T(120 J/K) 


you can see that AG can only be negative when T is 
a large value. 


The correct answer is (C). Bond dipoles can be 
treated as vector quantities or quantities with both 
amagnitude anda direction. Symmetric molecules, 
such as CO, and ВСІ,, have vectors that cancel 
each other out (as do the equal and opposite attrac- 
tions between the diatomic CL). Only PCL, with its 
trigonal pyramidal shape, displays a net force or 
dipole moment. 


The correct answer is (E). In this problem, you 
have to consider the van't Hoff factor for each 
solute. This is because as the number of ions in 
solution increases, the freezing point of the solu- 
tion will decrease. Therefore, the solute that disso- 
ciates into the largest number of ions will produce 
the largest freezing point depression. In this prob- 
lem, AIL, produces four ions, more than any other 
choice. 
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70. 


71. 


72. 
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The correct answer is (D). If you're thinking 
quickly, you will realize the simplicity of this 
problem. First of all, 0.050 L is the same thing as 50 
mL. Because of this, you have equal volumes of 
solutions with identical molarities. That means the 
number of moles of hydrogen ions in the acidic 
solution will equal the number of moles of hydrox- 
ide 1ons in the basic solution. As a result, the two 
solutions will completely neutralize one another, 
resulting in a solution with pH 7.0. No calculation 
is necessary. 


The correct answer is (A). This problem can be 
solved by determing the volume where the number 
of moles will be equal in the two solutions. This is 
accomplished using the equation: 


MV, = MV, 
(18.0 M)(V,) = (15.5 L)(0.195 M) 
V; =0.168 L = 168 mL 


The correct answer is (A). To solve this problem 
we need to determine how many moles of electrons 
will be required to produce 100.0 g of chromium 
atoms (from the reduction of chromium ions). 
Once we know this, we can determine how long the 
20.0 A current needs to flow. 


100.0 g Crx = 1.923 mol Cr 


] mol 
52.00 g 
The oxidation state of the chromium ions in the 
dichromate ions is +6, so six moles of electrons will 
be required to reduce 1 mole of Cr$* ions. 


6 mol e` 


1.923 mol Cr x 1molCr = 11.54 mol e^ 
96500 C 
11.54 mol ех ——— — =1.114x10°C 
1 mole 
А ІА – 5 dt " 
5.567 x 10° C x 1С 20A = 5.570 x 10* s 


73. 


5.570 x 1045 x = 5 = 15.5 hr 
. 60s /4 60 min : 


The correct answer is (C). If you remember from 
chapter 16, the name of the ligand (NH; in this case) 
comes first preceded by a prefix indicating the 
number of times the ligand occurs. This is followed 
by the name of the metal ion, whose charge is 
indicated by a Roman numeral. Finally, the name 
of the anion is listed. 
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The correct answer is (A). This problem is an 
example of the common-ion effect. The weak ace- 
tic acid ionizes in water according to the following 
equation: 
HC;H40, => Н? + С,Н,0,7 

Because this is in equilibrium, it will be disturbed 
by the presence of the acetate ion, donated by the 
sodium acetate. Sodium will not affect the equilib- 
rium. The next step is to set up an equilibrium table, 
taking into accountthe initial presence of acetate ion. 


HC,H,0, H* CjH40,* 
Start | 0.20 0 0.20 
A =x +x +x 
Finish | 0.20 — x х 0.20 + x 


75. 


The expression for K,, then becomes 


[н [с,н,о; | _ (x)(0.20+ x) 
*  [HC,H,0, | (0.20 — x) 


It must be assumed that x is very small relative to 


0.20 (we can check this later), so we can rewrite the 
expression as 

x)(0.20) 

(0.20) 

18109 ех 
Our assumption about x being much smaller than 
0.20 is supported, so we can solve the problem. 
[H+] = 1.8 x 105 M 
pH = -log[1.8 x 105] = 4.7 

You won't be able to use a calculator on the 
multiple-choice questions, but your familiarity with 
logarithms can help you here. You should know 


that the -log(1.0x 1075) is 5. Concentrations higher 
than this will produce a pH lower than 5.0 and 


K,=18x105= =x 


concentrations lower than this will produce a pH 
higher than 5.0. Since 1.8 x 10? > 1.0 x 102, you 
can rule out the other possible answer, choice (D), 
which is 5.4. 


The correct answer is (D). Only experience with 
these chemicals, either through actual lab experi- 
ence or demonstrations, will help you answer ques- 
tions like these. The dichromate ion has a charac- 
teristic orange color. Na;CrO, is yellow, KmnO, is 
purple, Ni(NO4), is green, and CuCl, is blue-green. 
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Section Il 
1. (a) If 6.1 x 10? g CaC,O, can be dissolved per 


liter of solution, then determining the molar solu- 

bility of the substance simply requires that you 

convert this value to the number of moles per liter: 
1 mol CaC,O, 

128.1 g CaC,O, 

= 4.8 x 10> mol per liter. 


6.1 x 10? g СаС,О, x 


(b) The solubility equilibrium is based on the 
following equation: 
CaC,O0,(s) => Ca**(aq) + C,0,?(aq) 
(c) K can be calculated based on the following: 
Ky = (Ca Ca] 

where the concentrations used in the equation will 
be obtained from (a). While this step is probably 
one that you can do in your head, we'll go through 
it just to make sure you are following the correct 
procedure. The next step is to set up an equilibrium 
table: 


СаС,О, | Ca Coe 
Start 0 0 
A +4.8 x 102 | +4.8 x 10? 
Finish 48x10° |4.8x10? 


К, = [Ca?*][ C04] = (4.8 x 10°5)( 4.8 x 103) 
223x102 


(d) Inthis problem, calcium oxalate is being placed 
into a solution that contains a common ion. Any 
calculations related to solubility will have to take 
this into account. In this case, the equilibrium 
concentrations ofthe substances will be affected by 
the initial presence of calcium ions in solution (the 
calcium from calcium chloride will suppress the 
dissolving of some of the calcium oxalate). To 
determine the extent of this effect we must observe 
the solubility equilibrium expression using the 
modified concentration data: 


CaC,0, Ca CO 
Start 0.10 0 
A TX +x 
Finish 0.10 +x x 


At this point, we can use the value of K,, that was 
calculated in part (c) to set up the expression that 
will solve for x, the molar solubility: 


Ky, = [Ca?*][ Cor] 
2.3 x 10? = (0.10 + xx 


At this point, we will make the assumption that x is 
quite small compared to 0.10 and, as a result, will 
not be included in that portion of the calculation. 
Therefore: 


2.3 x 10? = 0.10x 

x=2.3 x 108 M 
By comparison, this number is much smaller than 
the value for dissolving in pure substances. In 


addition, our assumption that x was much smaller 
than 0.10 has been supported. 


(e) This problem calls for the use of the ion product. 
If we calculate the ion product, we can then com- 
pare it to K, for the substance. If itis less than K,,,, 
precipitation will not occur. If it exceeds K,,, then 


precipitation will occur. 


Because we are given volumes, we need to deter- 
mine the concentrations in the final mixture. This 
will be accomplished by determining how many 
moles are in the original solution and then using the 
combined volumes ofthe two solutions to calculate 
the new concentration. 


The number of moles in 50.0 mL of 0.0025 M 


CaCl, is 
0.0025 mol CaCl, 


1 L CaCl, 
21.25 x 10+ mol CaCl, 
Because the dissociation of CaCl, yields one mole 


of Ca? for every mole of CaCl,, we can say that we 
have 1.25 x 104 mol Ca”. 


Next, we need to find the number of moles of 
oxalate ions. 


0.050 L x 


10x10? mol Na,C,O, 

IL Na,C,0, 
= 5.0 x 1077 mol Na,C,0, 
Because each mole of Na;C5O, yields one mole of 
C,0,7 ions, we can say that we have 5.0 x 107 mol 
C,0,7 ions. 
Before we can use these quantities in the ion 
product expression, we will have to convert them to 
molarities. We need to make sure we are using the 
combined volume of the two solutions to determine 


0.050 L Na,C,O, x 


the molarity in the final mixture. 
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125x10% mol 


[Ca?*] = —— — —— = 1.25 x 10° M 
0.100L 
А 5x10” mol E 
[СО] = —————— =5.0x 10°M 
0.100L 


At this point, we are ready to calculate Q: 

Q = [Ca*][C,0,7] 

= [1.25 x 10? М|[5.0 x 10% M] = 6.25 x 10? 
Because О > Kp, we expect that CaC,O, will 
precipitate. 

. (a) The equilibrium expression, К, can be 
written as: 


_ в 
“ [LIBr] 


(b) This process will require a few steps. In the 
first, we need to determine the concentration of 
each substance when they were first put in the flask. 
This is obtained by: 

0.0015 mol 

^. 5.00L 

Once this is known, we can set up an equilibrium 
calculation table to determine the concentrations of 
the substances at equilibrium: 


23.0x10^M 


L Вг, 21Вг 
Start 3.0 x 10% 3.0 x 10+ 0 

-x -x +2x 
Finish | (3.0 x 10+) – х| (3.0 х 105 -x | 2x 


These values can now be placed into the equilib- 
rium constant expression from (a): 


_ B? 
©“ [LIBr] 


(2x) 
heer (30x10? - x}(3.0x10~ - x) 


To simplify what could be a rather messy problem, 
we can take the square root of each side of the 
equation: 


2 
12х10 = | 9 


(3.0 x10% – x)8.0x10 ^ – х) 


Qx) 
10.95 = —-——— 
3.0x 107 
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We can now rearrange this equation and solve 
for x: 


(3.0x 104 х) = 2 = 0.183x 
10.95 
3.0x 107 = 1.183х 
4 
30x10 > 9 sd se Or M 
1.183 


Now that we know the value of x, we can substitute 
it back into the values shown in the equilibrium 
table to solve the problem. 
[1] = [Br;] = (3.0 x 104 2.54 x 10“) 

=4.6х 105 
[IBr] = 2х = 2(2.54 x 107) 2 5.1 x 10 
(c) Tosolve this problem, you need to use the value 
for K, and the formula: 

К = К(КТ)Ап 

For this reaction, An = moles products — moles 
reactants = 2-2 = 0. Since An = 0, then Kp = Kc for 
this reaction. 
(d) If 0.05 mol L, are added to the vessel, the 


equilibrium will shift to the right (the formation of 
2IBr) to alleviate the stress. 


. (a) In order to solve this problem, you need to use 


the given information in this formula: 

AH?rxn = XnAH°f(products) — ZmAHPf(reactants) 
Substituting the data, we get 

AH? = 2($О») – [2(SO,) + Op] 

= 2 mol(—396 kJ/mol) – [2 mol(—297 kJ/mol) + 0)] 
=—792 kJ + 594 kJ 

= —198 kJ 


(b) For this problem, you need to use the equation 
below: 


AS? = XnAS°(products) — LmAS° (reactants 
AS? = 2(50,) – [2(SO,) + О] 

AS? = 2 mol(257 J/K e mol) – 

[2 mol(248 J/K • mol) + 1mol(205 J/K e mol)] 
AS? = 514 J/K - 701 J/K = -187 J/K 


(c) In this portion, you don't need to use the 
standard free energy values. You have already 
calculated entropy and enthalpy, so the equation to 
use is 


AG? = AH? — TAS? 


1 
AG? = -198 kJ - [298 K)(-187 J/K) HR ] 
1000 J 


--198 kJ +55.7 kJ = -142 kJ 


i) The reaction is exothermic, which you can tell 
by the negative value of AH?. 


ii) The reaction is decreasing in entropy. This is 
consistent with the fact that you are starting 
with 3 moles of gas and decreasing to 
2 moles of gas. 


iii) The process is spontaneous, which you can tell 
by the negative value for AG°. 


. (a) C,H,OH + HCOOH — HCOOC,H, + H,O 


In this condensation reaction, the alcohol ethanol 
reacts with methanoic acid to yield the ester ethyl 
methanoate and water (which is always produced 
in condensation reactions). 


(b) (NH,),CO; > H,O + CO, + МН, 


This is a decomposition reaction that is very fre- 
quently referred to and/or performed in introduc- 
tory classes. 

(c)  +H,O0 > b + Н, + OH 

This is an electrolysis of an aqueous solution. 
When you get a problem like this, you need to be 
aware that water can be electrolyzed. In this case it 
is because water is more easily reduced than potas- 
sium. Because the water is reduced to yield hydro- 
gen gas, the hydroxide ions will be left behind in 
solution. 


(d) Na + H,O 2 Na* + OH + Н, 


Sodium is a better reducing agent than hydrogen. 
As aresult, when sodium metal is placed in water, 
it is oxidized, yielding hydrogen gas and a sodium 
hydroxide solution. 


(е) Cu + Н+ + NO, 2 Cu** + МО + H,O 


This is a tricky one. One of the key clues in the 
problem was the term dilute in reference to nitric 
acid. This outcome is different from the outcome 
with concentrated nitric acid. When concentrated 
acid is used, the nitrate ion is reduced to МО», but 
with the dilute acid, it is reduced to NO. Hydrogen 
facilitates in the reaction but does not form a gas (it 
is used to form water). 
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( Cl, +F > l + Cr 
Cl, oxidizes iodide to yield chloride ions and io- 
dine. With the halogens, fluorine is the most pow- 
erful oxidizing agent, and each element going 
down the group becomes less powerful. As a result, 
a halogen can oxidize the halogens below it in a 
replacement reaction. 
(g) H* + OF —> H,O 
This is a classic neutralization reaction of a strong 
acid combined with a strong base. 
(h) C;H;OH + O, > CO, + H,O 

(CO if O, is not in excess) 
This is a typical combustion reaction. The reaction 
shown is a complete combustion reaction, which 
assumes an excess of O,. If O, is not considered in 
excess then CO would also be a product. 


. (a) According to Le Chátelier's principle, the 


addition of oxygen gas will force the reaction to the 
left; therefore, there will be an increase in SO3. 


(b) If the pressure is reduced by increasing the 
volume, the reaction will shiftto the right. This will 
create more gas particles to compensate for the 
decrease in pressure. The shift to the right will 
cause a decrease in SO,. 


(c) The addition of an inert gas, like helium, will 
have no effect on the equilibrium mixture. Al- 
though the inert gas increases the overall pressure 
in the container, it does not affect the concentra- 
tions or partial pressures of the individual gases. As 
a result, the amount of SO, will remain constant. 


(d) The reaction is endothermic (as evident from 
the positive value of AH). Therefore, if the reaction 
mixture is heated, the equilibrium will shift to the 
right, decreasing the amount of SO,. 


(e) If oxygen gas is removed, the equilibrium will 
shift to the right to create more. This will cause a 
decrease in the amount of SO3. 


www.petersons.com 


518 Part IV: Practice Tests 


6. (a) 


Equivalence point 


pH 


mL NaOH 


(b) One of the biggest differences is the steepness 
of the curve around the equivalence point. Strong 
acids experience a very large increase in pH with a 
relatively small addition of base. 


One other difference is the location of the equiva- 
lence point. For strong acids, the equivalence point 
is located at 7.0, but for weaker acids, this equiva- 
lence point is at a higher pH. 


(c) Strong acid, strong base titrations are much 
more forgiving on your choice of indicator. The 
reason for this is because of the large change in pH 
with a relatively small addition of base near the 
equivalence point. The difference in base volume 
required to change from pH 4 to pH 10 is relatively 
small. Therefore, a variety of indicators can be used 
with reasonably small errors. 


With a weak acid, strong base titration like this one, 
the situation is more critical for two reasons. First, 
the pH changes a bit more gradually than with 
strong acid titrations. As a result, an indicator like 
methylred will change color well before the equiva- 
lence point is reached. 


The second reason the indicator choice is critical is 
really an extension of the first reason. For weak 
acids, the pH at the equivalence is greater than 7.0. 
Because the pH changes gradually and because the 
pH is greater than 7, it is important to select an 
indicator, like phenolphthalein, that will change 
color in a range of pH values between 8 and 10. 
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(d) The most likely source ofthe erroris a problem 
with the concentration of the titrant. If the base is 
too dilute, the volume that must be added (to supply 
enough hydroxide ions) must be increased— so 
much so that it can exceed the volume of the buret. 
Itis important to perform some approximate calcu- 
lations prior to a titration to assure that an adequate 
concentration of base is used. 


(a) The number of molecules in each vessel is the 
same. This is consistent with Avogadro's hypoth- 
esis since both gases are in equal size containers at 
the same temperature. Each container will have the 
same number of moles of gas in it and, therefore, 
the same number of molecules. 


(b) Because each container has the same number of 
particles in it and since the SF, molecules are much 
heavier than the N, molecules, the density of the 
SF, will be higher than that of №. 


(c) The average kinetic energy of the particles is 
determined by the temperature, which in this case 
is the same. Therefore, the average kinetic energies 
will be the same. 


(d) SF, is going to deviate the most from ideal 
behavior because of its large size. Not only does it 
have a large volume, but it will experience more 
intermolecular attractions than N3. 


(e) The rate of effusion, per Graham’s law, is 
inversely related to the mass of the particles. The 
larger the particle, the slower the rate of effusion. 
Therefore, nitrogen will have a higher rate of effu- 
sion because of its smaller molecular mass. 


8. (a) The main principle here is the difference 


between adhesive and cohesive forces. Adhesive 
forces, or the forces between a substance and a 
surface, are responsible for the attraction between 
the molecules of water (or mercury) and the glass. 
Cohesive forces are the forces between the water 
molecules or the mercury molecules. 


For water, the adhesive force that attracts water to 
the glass is greater than the cohesive force holding 
the water molecules together. As a result, the mol- 
ecules on the edge of the glass cling to the glass 
while the water molecules in the middle hang down 
to form the meniscus. 


For mercury, the cohesive forces between mercury 
particles are greater than the adhesive forces hold- 
ing mercury to the glass. As a result, the inward- 
directed cohesion, which is disproportionate on the 
surface of the liquid, causes the downward curva- 
ture at the edges of the mercury. 


(b) In a salt crystal, the sodium and chloride ions 
as well as their electrons are locked in a rigid 
crystalline lattice. The electrons that are in the 
crystal are localized around specific atoms. These 
electrons are tightly bound to each ion inside the 
rigid structure and, as a result, are not free to move 
about. Salt crystals do not conduct electricity. 


However, when dissolved, the individual compo- 
nent ions separate and move freely about in solu- 
tion. This free movement of charged particles pro- 
vides the basis for the conductivity of ionic sub- 
stances in solution. 
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(c) When it is humid, there is a larger amount of 
water vapor in the air. This larger amount of water 
vapor causes more particles to re-enter the liquid 
phase from the gaseous phase. This will decrease 
the net change of particles from the liquid to the 
gaseous phase, which is when cooling occurs. On a 
dry day, there is a greater net flow of molecules 
from the liquid to the gaseous phase and, hence, a 
greater cooling effect. 


(d) Steam burns are usually more severe than burns 
from boiling water for two reasons. First, steam can 
exist at temperatures greater than 100 ?C. Second, 
and most important, the heat of vaporization of 
water, which is rather substantial, is released as the 
water changes from the gaseous phase to the liquid 
phase. 
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Practice Test 2 


TEAR HERE 


Answer Sheet 

If a section has fewer questions than answer ovals, leave the extra ovals blank. 

SECTION | 

1. ® ® © ® ® 16. ® ® © D ® 31. 9 ® © ® ® 46. ® ® © ® ® 1.88008 
2.09 ® © ® ® 17.00000 32 0000 47 ® OO ® 62. ® ® © ® ® 
з. ®@ ® © ® ® 18. 0000 3.00000 48. ® ® © ® ® 63. (9 ® © ® ® 
4. ®@ ® © ® ® 19. ® ® © ® ® 34 ® © ® ® 49. 9 ® © ® ® 64.00000 
5. ® ® © ® ® 2.00000 35. ® ® OD (B 50. ® ® © ® ® 65. ® ® ©  (O 
6. ® ® © ® ® 2.00000 36 ® ® © ® ® 51. ® € OD ® 66. ® ® © ®® 
7.09 © ® ® 2.00000 37.09 ® © ® ® 52. ® ® © ® ® 67. (9 ® © O ® 
8. ® ® © ® ® 23.090000 38.0 ® © ® ® 53. ® ® © ® ® 68. ® (B O O (5 
9. (9 ® © ® ® 24. (9 ® © ® ® 39. ®@ ® © D ® 54. 9 ® © D ® 69. (9 ® © ®® 
10. 66 © ® ® 25.0060 © ® ® 40. ® ® © © ® 500000 7.00000 
11. ® ® © ® ® 26. ®@ ® © ® ® 4.00000 56. ® ® © ® ® 7.00000 
12. & ® © ® ® 27. ®@ ® © ® ® 4.00000 57.00000 72.00000 
13. 9 ® © ® ® 28. 6 ® © ® ® 43. ® ® © ® ® 58. 9 ® © ® ® 73.00000 
14. 0 ® O0 ® 2.00000 44. ® ® © ® ® 5.00000 74. © ® © ®® 
15. 6 ® © ® ® 30. 9 ® © ® ® 45. ® ® © ® ® 60. ® ® © ® ® 75. ® ® © ® ® 
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SECTION I 


Time—1 Hour and 30 Minutes 


NO CALCULATORS MAY BE USED WITH SECTION I. 


Note: For all questions, assume that the temperature is 298 K, the pressure is 1.00 atmosphere, and 
solutions are aqueous unless otherwise specified. 


Throughout the test, the following symbols have the definitions specified unless otherwise noted. 


T = temperature M = molar 

P = pressure m = molal 

V = volume L, mL = liter(s), milliliter(s) 
S = entropy g = gram(s) 

H = enthalpy nm = nanometer(s) 

G = free energy atm = atmosphere(s) 

R = molar gas constant J, kJ = joule(s), kilojoule(s) 
n = number of moles v = volt(s) 


mol = mole(s) 


Directions: Each set of lettered choices below refers to the numbered statements immediately 
following it. Select the one lettered choice that best fits each statement and then fill in the 
corresponding oval on the answer sheet. A choice may be used once, more than once, or not at all 
in each set. 


Questions 1-3 refer to the choices below: Use these answers for questions 4-6: 
(A) Heisenberg uncertainty principle (A) Arrhenius acid 
(B) Schrödinger equation (B) Brønsted-Lowry acid 
(C) Hund's rule (C) Brénsted-Lowry base 
(D) X-ray diffraction (D) Lewis acid 
(E) Photoelectric effect (E) Lewis base 
1. Can be used to predict the paramagnetism of 4. BF, in the reaction: BF, + Е — BF, 


certain elements 
5. CN- in the reaction: Cu?*(aq) + 4СМ (ад) 


2. Predicts that it is impossible to simultaneously > Cu(CN) * (aq) 
know both the location and momentum of an 
electron 6. HO in the reaction: HC H О (aq) + Н Осад) — 


- + Л 
CHO, (aq) + HO (aq) 
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Part IV: Practice Tests 


Questions 7—9 refer to the choices below: 


(A) N 

(B) Cl 
(C) Ne 
(D) Mg 
(E) Rb 


. Which element is the most electronegative? 


. Which element has the most possible oxidation 


states? 


. Which element has the smallest first ionization 


energy? 


Directions: Each of the questions or incomplete statements below is followed by five answers or 
completions. Select the one that is best in each case and then fill in the corresponding oval on the 
answer sheet. 


10. 


11. 


About how many milliliters of 6.0-molar НСІ 
must be diluted to obtain 1.0 liter of 2.5-molar 
НСІ? 


(A)133 mL 
(B) 250 mL 
(C) 400 mL 
(D) 420 mL 
(E) 840 mL 


Which of the following is most likely to be a solid 
at room temperature? 


(A) NaS 
(B) HF 
(C) NH, 
(D) N, 
(E) H, 
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12. The K,, of Al(OH), is 2 x 10732, At what pH will 


sp 
a 0.2 M Al** solution begin to show precipitation 
of Al(OH),? 


1x10 "^ 
А | 41.0 x 107! | 


(В) -log 41.0 x 10^ 


1x10 * 
(C) | = | 
42.0 x 10° 
(D) -log 42.0 x 107? 


1x10" 
E) -log| — ——; 
e Ке 


13. Which of the following represents a pair of iso- 
topes of the same element? 
Atomic number | Mass number 

(A)| L 92 208 

II. 92 211 
(B)| 1. 45 106 

II. 92 206 
OIL 92 238 

II. 89 235 
(D)| L 92 233 

II. 89 233 
(E) I. y 15 

II. 8 16 


14. 


The melting point of MgS is higher than that of 
KCl. Which of the following observations can 
explain this? 


I. Mg?* has a greater positive charge than K* 


II. S% has a greater negative charge than СГ 


III. S?- has a smaller radius than CI- 


15. 


(A) III only 

(B) Папа III only 
(C) I and III only 
(D) I and II only 
(E) L IL and III 


Which choice shows the correct arrangement of 
the acids in order of increasing acid strength? 


(A) HCIO,, HCIO,, HCIO,, HCIO 
(B) HCIO,, HCIO, HCIO,, HCIO, 
(C) HCIO, HCIO,, HCIO,, HCIO, 
(D) HCIO,, HCIO, HCIO,, HCIO, 


(E) More information is needed to answer the 
question. 


16. 


17. 


18. 


19. 


20. 


Practice Test 2 


The half-life of ы Sr is 28 years. How long will it 


8 
take for a given sample of Sr to be 87.5% 


decomposed? 

(A) 8.75 half-lives 
(B) 3.5 years 

(C) 84 years 

(D) 24.5 years 

(E) 2.2 x 10^ years 


Which one of the following reactions would have 
a positive value for AS°? 


(A) Ba(OH),(s) + CO,(g) + BaCO,(s) + 
H5O(l) 

(B) N,(g) + 3H,(g) > 2NH,(g) 

(C) 2S0,(g) > 2SO,(g) + O,(g) 

(D) AgNO,(aq) + HCl(aq) > AgCl(s) + 
HNO,(aq) 

(E) 2NO,(g) > N,0,(g) 


Inthe molecule SF, whatis the hybridization of S? 
(A) sp 

(B) sp? 

(C) sp? 

(D) dsp? 

(Е) Psp 


Which ofthe following species cannot function as 
an oxidizing agent? 


(A) S(s) 

(B) NO, (ag) 
(C) CrO;^ (aq) 
(D) raq) 

(E) MnO, (ag) 


Which of the following processes must exist in 
equilibrium with the evaporation process when a 
measurement of vapor pressure is made? 


(A) Fusion 

(B) Vaporization 
(C) Sublimation 

(D) Boiling 

(E) Condensation 
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21. 


22. 


23. 


24. 


Part IV: Practice Tests 


2C0,(g) <=> 2CO(g) + 0,(g) 
AH? = -514 kJ 


The equilibrium constant will be the highest when 
the reaction above is carried out at 

(A) low temperature and low pressure. 

(B) low temperature and high pressure. 

(C) high temperature and high pressure. 

(D) high temperature and low pressure. 


(E) any temperature or pressure; neither affect 
the reaction. 


Which of the following solid salts is more soluble 
in 1.0 M H* than in pure water? 


(A) NaCl 
(В) Caco, 
(C) KCI 
(D) AgCl 
(E) KNO, 


Which of the following is a conjugate acid/base 
pair? 

(A) H4O* and OH 

(B) НСІ and ОСГ 

(C) NH,* / NH, 

(D) H,SO, / SO/- 

(E) HCIO, and СІО 


Placethe elements S, Cl, and F in order of increas- 
ing atomic radius. 


(A) S, Cl, F 
(B) S, F, CI 
(С) F, CI, S 
(D) F, S, Cl 
(E) СІ, Е, S 
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25. 


26. 


27. 


ЗН (е) + N,(g) <> 2NH,(g) 


If 2.00 mol H,, 1.00 mol N,, and 2.00 mol NH, are 
placed into a 1.00 L evacuated flask. How will the 
reaction above proceed if K, = 0.105 at this 
temperature? 


(A) The reaction must proceed from right to 
left. 

(B) The reaction must proceed from left to 
right. 

(C) The reaction is already at equilibrium, so 
no net movement will occur. 

(D) The reaction cannot establish equilibrium 
at this temperature. 

(E) The reaction will proceed from left to right 
until 2.23 mol NH, have been produced. 


A gas sample is heated from —23.0°C to 57.0°C, 
and the volume is increased from 2.00 L to 4.00 L. 
If the initial pressure is 0.125 atm, which of the 
following calculations will yield the correct final 
pressure? 


(0.125) (2.00)(-23.0) 


(A) (57)(4.00) 

(B) ci a ss 
teta 
(D) RES RT 


(0.125) (4.00) (2.00) 


"i (250)(330) 


A 0.10-molar solution of a weak monoprotic acid, 
HA, has a pH of 4.00. The ionization constant of 
this acid is 

(A) 5.0 x107 

(B) 1.0x 1077 

(C) 5.0x 10-9 

(D) 10x10 5 

(Е) 5.0x 10° 


28. 


29. 


30. 


31. 


Rate = k[NOT'[CI, ] 

What is the order of the reaction with respect to 
nitric oxide, NO? 

(A) 0 

(B) 1 

(O 2 

(D) 3 

(E) 4 


Mg + 29,0 > Mg(OH), + H, 


What mass of hydrogen can be produced by 
reaction of 4.73 g of magnesium with 1.83 g of 
water? 


(A) 0.103 g 
(B) 0.0162 g 
(C) 0.0485 g 
(D) 0.219 g 
(E) 320g 


H,S is a gas at room temperature while H,O is a 
liquid. What can explain this difference? 


(A) H,O is amphoteric. 
(B) H,S is flammable. 


(C) H,O molecules have smaller dipole 
moments than H,S. 


(D) H,S is a heavier molecule. 


(E) The greater electronegativity of O allows 
more hydrogen bonding. 


A voltaic cellis designed with a copper electrode 
immersed in 1.0 M copper (II) sulfate solution, 
CuSO (ад), and a lead electrode immersed in 1.0 
M lead (П) nitrate solution, Pb(NO,),(aq) at 25 
°C. Given the standard reduction potentials shown 
below, determine the potential of the cell in volts. 


Pb?* + 2e- — Pb E? =-0.13 V 
Cu% + 2e- > Cu E? = 40.34 V 
(A) 0.47 V 
(B) 0.92 V 
(C) 0.22 V 
(D) 0.58 V 
(Е) 0.17 V 


32. 


33. 


34. 


35. 


36. 


Practice Test 2 


Which of the following is the least soluble? 


(A) CaSO, K =9.1 10° 
(B) BaF, K,, = 1.0 10° 
(C) NiCO, K,, = 6.6 107^ 
(D) CaCrO, Km 
(E) Sn(OH), K,, = 14 108 


Which of the following has an incomplete octet in 
its Lewis structure? 


(A) SO, 

(B) ICI 

(C) CO, 

(D) F, 

(E) NO 

How many milliliters of 0.20 M KOH are needed 
tocompletely neutralize 20 mL of 0.10 MH,PO,? 
(A) 3.0 mL 

(B) 10 mL 

(C) 20 mL 

(D) 30 mL 

(E) 60 mL 


If ^2Pb undergoes a beta decay and the product 
ofthis decay undergoes another beta decay, which 
nuclide is produced? 

(A) °% Bi 

(B) РЫ 


(C) 214 Do 


84 


(D) ??Bi 


83 


(E) 206 Pb 


82 


Zn(s) + 2HCl(aq) — ZnCl (aq) + H,(g) 


If 32.7 g of Zn are allowed to react completely 
with an excess of HCl, how many liters of hydro- 
gen gas, H,, will be produced? 


(A) 5.6L 
(В) 1121, 
(С) 22.41, 
(D) 33.61, 
(Е) 4481, 
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37. 


38. 


Part IV: Practice Tests 


Nickel is electroplated from a NiSO, solution. If 
a constant current of 5.00 amp is applied to a 
NiSO, solution, how long will it take to deposit 
100.0 g of Ni? 


(A) 1.225 
(B) 57.2 
(C) 62.9 min 
(D) 18.3h 
(E) 2.41 days 


An ice cube melts at room temperature and atmo- 
spheric pressure. Which statement below cor- 
rectly describes the thermodynamic properties of 
this process? 


AH AS AG 


(A) Е + 


(В) = = 


(С) + = = 


(D) + + + 


(B) + + - 


39. 


40. 


Which of the ions below has the largest ionic 
radius? 


(A) Li 
(B) Be 
(C) F 
(D) Cl 
(E) Br 


The compound below is an example of which of 
the following? 


О 
cito —O—CH; 
(A) Aldehyde 
(B) Ester 
(C) Amine 
(D) Ketone 
(E) Ether 
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41. 


42. 


43. 


44, 


PCl,(g) <=> PCL,(g) + СІ, (g) 


In the reaction above, assume that 0.75 mol of 
PCI, is placed in a 1.0 L reaction vessel. At 
equilibrium, the 0.65 mol of PCI, is present. What 
is К? 

(A) 65 

(B) 6.5 

(C) 0.10 

(D) 0.15 

(E) 0.015 


Solid barium nitrate, Ba(NO,),, gradually dis- 
solvedina 1.0x 107^ MN a,CO, solution. At what 
Ba?* concentration will a precipitate begin to 
form? (Ky for BaCO, = 5.1 x 10°) 


(A) 4.1 — 105 М 
(В) 8.1 — 105 М 
(С) 5.1 — 105 М 
(D) 1.2 — 106 М 
(Е) 8.1 — 105 M 


Which of the following is an isomer of n-hexane? 
(A) 2,3-dimethylbutane 

(B) 2-methylbutane 

(C) 2,2-dimethylpropane 

(D) 2,3-dimethylpentane 

(E) 3-ethyl-2-methylpentane 


A crystal of NaCl is 

(A) soft, low melting, and a good electrical 
conductor. 

(B) hard, high melting, and a good electrical 
conductor. 

(C) soft, low melting, and a poor electrical 
conductor. 

(D) hard, high melting, and a poor electrical 


conductor. 


(E) soft, high melting, and a poor electrical 
conductor. 


45. 


46. 


47. 


A voltaic cell is set up at standard temperature 
with a zinc electrode placed in a 0.5 M solution of 
Zn?*, The other cell contains a copper electrode 
immersed in a 0.5 M solution of Cu2*. What will 
happen to the cell emf if the copper solution is 
increased in concentration from 0.5 M to 5.0 M? 


(A) emf will increase. 
(B) emf will decrease. 


(C) emf will experience a rapid decrease 
followed by a steady increase. 


(D) emf will only change if the zinc solution is 
changed. 


(E) emf is unaffected. 


Several pieces of mossy zinc are added to hydro- 
chloric acid in a filter flask fitted with a piece of 
rubber tubing. The rubber tubing is submerged 
under water sothatthe gas can be bubbled through 
the water and collected in a gas-collection tube. 
After a certain amount of hydrogen gas had been 
collected, the pressure in the gas collection tube is 
300 mm Hg and the temperature is 20.0°C. If the 
vapor pressure of water at this temperature is 18 
mm Hg, whatis the pressure of the hydrogen gas? 


(A) 318 mm Hg 
(B) 282 mm Hg 
(C) 320 mm Hg 
(D) 300 mm Hg 
(E) 18 mm Hg 


Generally the vapor pressure ofa liquidis related to 
I. the amount of liquid. 

IL temperature. 

III. intermolecular forces. 

(A) L only 

(B) II only 

(C) III only 

(D) I and II only 

(E) Папа III only 


48. 


49. 


50. 


5]. 


Practice Test 2 


The molar solubility of BaCO, (Kp =1.6x10°) 
in 0.10 M BaCl, solution is 


(A) 1.6 x 10-10 
(B) 4.0 x 105 
(С) 7.4x 10+ 
(D) 0.10 

(B) 1.6x 10°8 


Each of the following can act as both a Brénsted 
acid and a Brgnsted base EXCEPT 


(A) HSO,- 
(B) H,PO,- 
(C) NH,* 
(D) H,O 
(E) HCO, 


Which of the following violates the octet rule? 
(A) NF, 

(B) IF, 

(C) PF, 

(D) SbF, 

(E) AsF, 


The molality of the magnesium sulfate in a 1.0 M 
MgSO, solution can be determined using the 


(A) temperature of the solution. 
(B) E for MgSO, 

(C) volume of the solution. 

(D) ion-product. 

(E) density of the solution. 
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52. 


53. 


54. 


Part IV: Practice Tests 


A lab instructor is preparing 5.00 liters of a 0.100- 
molar Pb(NO,), (molecular weight 331) solution. 
She should weigh out 


(A) 165.5 g of Pb(NO,), and add 5.00 kg of 
HO. 


(B) 165.5 g of Pb(NO,), and add H,O until the 
solution has a volume of 5.00 liters. 


(C) 33.1 g of Pb(NO,), and add H,O until the 
solution has a volume of 5.00 liters. 


(D) 331 g of Pb(NO,), and add 5.00 liters of 
H,O. 


(E) 165.5 g of Pb(NO,), and add 5.00 liters of 
HO. 


Which of the following aqueous solutions has the 
highest boiling point? 

(A) 0.10 M NaCl 

(B) 0.10 M NHNO, 

(C) 0.10 M NH,CI 

(D) 0.10 M HCI 

(E) 0.10 M Na,SO, 


A 2.00-liter sample of argon gas at 77 °C and 720 
mm Hg is heated until it occupies a volume of 
4.00 liters. During the expansion, the pressure is 
constant. What is the temperature of the gas after 
it has expanded? 


(A) 154°C 
(B) 308 *C 
(C) 427 *C 
(D) 700 *C 
(E) 720. °C 
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55. 


56. 


57. 


2NO —— NO, (fast equilibrium) 


мо +H ^NO-«HO (slow) 
22 2 2 2 


NO«H, 5 N «HO (fast) 

Nitric oxide, NO, can be reduced by hydrogen gas 
to yield nitrogen gas and water vapor. The decom- 
position is believed to occur according to the 
reaction mechanism shown above. The rate law 
for the reaction that is consistent with this mecha- 
nism is given by which of the following? 


(A) Rate = КМО 

(B) Rate = K[NOT'[N,O,] 
(C) Rate = K[N)O, ][H,] 
(D) Rate = kNOP[H,] 
(E) Rate = k{N,O][H,] 


Tc zo уу Sue 


The normal boiling point of liquid X is less than 
that of Y, whichis less than that of Z. Which of the 
following is the correct order of increasing vapor 
pressure of the three liquids at STP? 


(A) X, Y,Z 
(В) Z, Y, X 
(C) Y,X,Z 
(D) X, Z, Y 
Œ) Y,Z X 


C(s) + H,O(g) > CO(g) + H,(g) 
AG? =91.2 kJ; AS" = 135 J 


What is the value of AH? for the reaction shown 
above at 25 °C? 

(A) 40.3 kJ 

(B) 226 kJ 

(С) 91.3 kJ 

(D) 131.4 kJ 

(E) 25.7 kJ 


58. 


59. 


In the molecule М aASO,, what is the oxidation 
number of As? 


(A) 1 
(B) 2 
(С) 3 
(D) 4 
(E) 5 


A solution containing 292 g of Mg(NO,), per liter 
(of solution) has a density of 1.108 g/mL. The 
molality of the solution is 


(A) 2.00 m 
(B) 241 m 
(C) 5.50 m 
(D) 6.39 m 
(E) 11.08 m 


Ionization energies for unknown element 


60. 


61. 


Q (kJ/mol) 
First Second Third 
520 7298 11815 


Which element below is most likely to be 
element Q? 


(A) Li 
(B) Ca 
(C) Al 
(D) F 
(E) Ba 


Carbonated beverages get their “fizz” from car- 
bon dioxide that is dissolved in water. Under 
which conditions is it possible to dissolve the 
most carbon dioxide in water? 


(A) High pressure, high temperature 
(B) High pressure, low temperature 
(C) Low pressure, high temperature 
(D) Low pressure, low temperature 


(E) A vacuum, high temperature 


62. 


63. 


64. 


65. 


Practice Test 2 


Determine the molecular formula of a compound 
that contains 40.0% C, 6.71% H, 53.29% O and 
has a molecular mass of 60.05. 


(A) C)H,0, 
(B) CHO 

(C) C,H,0, 
(D) CHO, 
(E) C,H,O, 


A gaseous mixture containing 1.5 mol Ne and 4.5 
mol NO, has a total pressure of 8.0 atm. What is 
the partial pressure of NO,? 


(A) 1.5 atm 
(B) 2.7 atm 
(C) 4.5 atm 
(D) 6.0 atm 
(E) 8.0 atm 


In the compound Мп,0,, what is the oxidation 
number of manganese? 


(A) +2 
(B) +3 
(C) +5 
(D) +7 
(E) +8 


Si(s) + 2CL(g) > SiCL,() 

If 3.84 mol Cl, react with an excess of Si, how 
many moles of 51СІ, will be produced? 

(A) 0.96 mol 

(B) 1.92 mol 

(C) 3.84 mol 

(D) 4.00 mol 

(E) 5.72 mol 
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66. 


67. 


68. 


Part IV: Practice Tests 


CO(g) + NO,(g) > CO,(g) + NO(g) 
For the reaction represented above, the experi- 
mental rate law is given as follows: 


Rate = КМО р> 


If additional CO gas is added to the reaction 
vessel, whiletemperature remains constant, which 
of the following is true? 


(A) Both the reaction rate and k increase. 
(B) Both the reaction rate and k decrease. 


(C) Both the reaction rate and k remain the 
same. 


(D) The reaction rate increases but К remains 
the same. 


(E) The reaction rate decreases but k remains 
the same. 


N,(g) + O,(g) <> 2NO 


In the formation of NO (shown above), what 
effect will the addition of a catalyst have on the 
equilibrium constant, Kj for the reaction. As- 
sume temperature and pressure remain 
constant. 


(A) A catalyst will increase Ke 
(B) A catalyst will decreases Ke 
(C) A catalyst will have no effect on Ke 


(D) A catalyst will first increase E until the 
reaction slows, then E will decrease. 


(E) A catalyst will cause a dramatic increase in 


Ks 


Which of the following is predicted to have a 
square planar molecular structure? 

(A) TeBr, 

(B) BrF, 

(C) IF; 

(D) XeF, 

(E) SCI, 
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69. 


70. 


71. 


72. 


Which of the following pairs would make an 
effective buffer solution? 


(А) HCI / NaCl 
(B) KOH/K,SO, 

(C) HCIO, / NaCIO, 
(D) NaHCO, / Na,CO, 
(E) HCI / NH,CI 


A 100.0-g sample of water at 25.0°C is mixed 
with 100.0 g of a certain metal at 100.0°C. After 
thermal equilibrium is established, the final tem- 
perature of the mixture is 30.0°C. What is the 
specific heat of the metal, assuming it is constant 
over the temperature range concerned? The spe- 
cific heat of water is 4.18 J/g?C. 


(A) 0.30 J/g°C 
(B) 0.60 J/g°C 
(C) 0.90 J/g°C 
(D) 0.030 J/g°C 
(Е) 2.21 J/g°C 


...NH,(g) + ...0,(g) > ...NO(g) + ...HjO 


If the equation above is balanced, the coefficient 
before the O, will be 


(A) 1 
(B) 2 
(С) 3 
(D) 5 
(E) 8 


A sample of nitrogen gas is placed into a closed 
container. The volume is held constant while the 
temperature is increased from 200 K to 400 K. 
Given these conditions, which of the choices 
below is true? 


(A) The density of the gas doubles. 
(B) The pressure of the gas doubles. 


(C) The average velocity of the gas molecules 
doubles. 


(D) The number of nitrogen gas molecules 
increases. 


(E) The potential energy of the gas molecules 
doubles. 


73. 2A-B—C 
The data below corresponds to the reaction shown 
above. 
Experiment |Initial [A] | Initial [B]| Initial Rate 
1 0.010 0.025 0.015 
2 0.020 0.050 0.060 
3 0.040 0.050 0.060 
4 0.040 0.075 0.135 


Which rate law best describes the data? 
(A) Rate = КІВ]? 

(B) Rate = k[A]? 

(C) Rate = k[A][B] 

(D) Rate = k[A]?[B] 

(E) Rate = k[A][B]? 


Practice Test2 533 


3Mg + N, > Mg,N 


2 


74. What mass of magnesium nitride can be made 
fromreaction of 1.22 g of magnesium with excess 
nitrogen? 

(A) 1.69g 
(B) 152g 
(С) 5.07 g 
(D) 5.02 g 
(E) 0.592 g 


75. Which of the following must be true forareaction 
that proceeds spontaneously from initial standard 
state conditions? 


(A) AG? > O and К > 1 
(B) AG? > O and K <1 
(C) AG? < O and K> 1 
(D) AG? < O and K,, < 1 
(E) AG°=0and K,, =1 


END OF SECTION I. IF YOU HAVE ANY TIME LEFT, GO OVER YOUR 


WORK IN THIS SECTION ONLY. DO NOT WORK IN ANY OTHER 


SECTION OF THE TEST. 
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534 Par IV: Practice Tests 


SECTION Il REFERENCE INFORMATION 


1A 8A 
1 18 
1 2 
H | 2A ЗА 4A 5A бА 7A | He 
1,0079| 2 13 14 15 16 17 [4.0026 
3 4 5 6 7 8 9 10 
Li | Be B C N о Е | Ne 
6.941 | 9.012 10.811|12.011/14.007]| 16.00 | 19.00 |20.179 
11 12 13 14 15 16 17 18 
Na | Ме | 3B 4B 5B 6B 7B 8B IB 28 | Al | Si P S СІ | Ar 
22.99 | 24.30] 3 4 5 6 7 8 9 10 11 12 126.98 | 28.09 [30.974 32.06 |35.453|39.948 
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 
K | Ca | Se | Ti V | Cr | Мп | Fe | Со Ni | Cu | Zn | Ga | Ge | As | Se | Br | Kr 
39.10 | 40.08 | 44.96 | 47.90 | 50.94 | 52.00 |54.938| 55.85 | 58.93 | 58.69 | 63.55 | 65.39 | 69.72 | 72.59 | 74.92 | 78.96 | 79.90 | 83.80 
37 38 39 40 41 42 43 44 45 46 4T 48 49 50 51 52 53 54 
КЬ | Sr Y | Zr | № | Мо | Tc | Ru | Rh | Pd | Ag | Са In | Sn | Sb | Te I Xe 
85.47 | 87.62 | 88.91 | 91.22 | 92.91 | 95.94 | (98) | 101.1 |102.91:1106.42 107.87] 112.41]114.82]118.71]121.75|127.60]126.91}131.29 
35 56 57 72 73 74 75 76 TI 78 79 80 81 82 83 84 85 86 
Cs | Ba | La | Hf | Ta | W | Re | Os | Ir | Pt | Au | Hg | TI | Pb | Bi | Po | At | Rn 
132.91/137.33/138.91]178.49|180.95|183.85|186.21| 190.2 | 192.2 |195.08:196.97|200.59|204.38| 207.2 |208.98} (209) | (210) | (222) 
87 88 89 104 | 105 | 106 | 107 | 108 | 109 
Fr | Ra | Ac [Опа | Unp | Unh | Uns | Uno | Une 
(223) |226.02:227.03| (261) | (262) | (263) | (264) | (265) | (266) 
58 59 60 61 62 63 64 65 66 67 68 69 70 71 
Lanthanide series | Се | Pr | Nd | Pm | Sm | Eu | Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu 
140.12|140.91|144.24| (145) | 150.4 |151.97:157.25|158.93|162.50|164.931167.26|168.93|173.04|174.97 
90 91 92 93 94 95 96 97 98 99 100 | 101 102 | 103 
Actinide series | Th | Pa | U | Np | Pu | Am | Cm | Bk | Cf | Es | Fm | Md No | Lr 
232.04|231.04|238.03|237.05| (244) | (243) | (247) | (247) | (251) | (252) | (257) | (258) | (259) | (260) 


www.petersons.com 


STANDARD REDUCTION POTENTIALS IN AQUEOUS SOLUTION 


AT 25?C 


Half-reaction E((V) 


Lit +e 
Cst +e 
K'-e 
Rb* +e 
Ba? + 2e 
Sr* + 2e 
Ca* + 2e 
Na +e 
Mg^*2e 
Ве?* + 2e 
АР* + 3e 
Mn” + 2e 
Zn* + 2e 
Cr + Зе 
Fe** + 2e 
Crt +e 
Cd** + 2e 
Th +e 
Co* + 2e 
NI” + 2e 
Sn** + 2e 
Pb** + 2e 
2H* + 2e 
SC) + 2H+ + 2e 
Sn* + 2e 
Cu* +e 
Cu + 2e 
Cu + е 
LCs) + 2e 
Fe% + e 
Hg,” + 2e 
Agt +e 
Hg* + 2e 
2Hg^* + 2e 
Вг,(0 + 2e 


O,(g) + 4H* + 4e 


CL (g) + 2e 
Au** + Зе 
Со?* +e 
F,(g) + 2e 


А ЖЕДЕ А Ж КГК ЖА И ЖЕ ЧАШ ЖА И А ИЕ ИА ША ЖА ША stb bbb bd bd divs dds tse 


Li(s) 
Cs(s) 
K(s) 
Rb(s) 
Ba(s) 
Sr(s) 
Ca(s) 
Na(s) 
Mg(s) 
Be(s) 
Al(s) 
Mn(s) 
Zn(s) 
Cr(s) 
Fe(s) 
Cr* 
Cd(s) 
TI(s) 
Co(s) 
Ni(s) 
Sn(s) 
Pb(s) 
H,(g) 
H,S(g) 
Sn?* 
Cu* 
Cu(s) 
Cu(s) 
2r 
Fe?* 

2 Ag) 
Ag(s) 
Hg(/) 
Hg,” 
2Br 
2H,O(1) 
2Cl 
Au(s) 
Co?* 
2F 


-3.05 
-2.92 
-2.92 
-2.92 
-2.90 
-2.89 
-2.87 
-2.71 
-2.37 
-1.70 
-1.66 
-1.18 
-0.76 
-0.74 
-0.44 
-0.41 
-0.40 
-0.34 
-0.28 
-0.25 
-0.14 
-0.13 
0.00 
0.14 
0.15 
0.15 
0.34 
0.52 
0.53 
0.77 
0.79 
0.80 
0.85 
0.92 
1.07 
1:23 
1.36 
1.50 
1.82 
2.87 
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ATOMIC STRUCTURE 


p =m 
-2.178 x10? 


En = ——— ~~ joule 
n 


EQUILIBRIUM 


o UT] 


B 


[on |[нв' | 
K, T 5 
[5] 
K „= [OH [Н] = 1.0 x 107^ at 25 °С 
= КХК, 
pH = -log[H*], рОН = -log[OH ] 
14 =pH + pOH 


[^-] 
[HA] 


нв? | 
pOH = pK, + log [5] 


pH= pK, + log 


pK, = -logK , pK, = -logK, 
K „= K (RT)^n 


Where An = moles product gas — moles reactant gas 
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THERMOCHEMISTRY 


А$°= Ege products — È S° reactants 
АН°= LH °f products — LH °f reactants 
AG? = LAG °f products — > G "f reactants 


AG? = AH?^- TAS? 
= -RT ln К = -2.303 RT log К 


--n^ E? 
AG = AG° + RT InQ = AG? + 2.303RT logQ 
q = mcAT 
AH 
Ср = — 
PMT 
Е = energy 


v= frequency 

À = wavelength 

p = momentum 

v = velocity 

n = principal quantum number 

m = mass 
Speed of light, c = 3.0 x 108 m s! 
Planck's constant, h = 6.63 х 10?^J s 
Boltzmann’s constant, k = 1.38 х 10723 J К! 
Avogadro’s number = 6.022 х 10?? molecules тої! 
Electron charge, e = —1.602 x 107? coulomb 


1 electron volt per atom = 96.5 kJ mol" 
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EQUILIBRIUM CONSTANTS 


K, (weak acid) 

K, (weak base) 

K, (water) 

K, (gas pressure) 

К. (molar concentrations) 

S? = standard entropy 

HP? = standard enthalpy 

G? = standard free energy 

E? = standard reduction potential 
T = temperature 


n = moles 
m = mass 
q = heat 


c = specific heat capacity 
C, = molar heat capacity at constant pressure 
] faraday, F= 96,500 coulombs 


P = pressure 

V = volume 

T = temperature 

n = number of moles 


D = density 

m = mass 

v = velocity 

И тх = root-mean-square speed 


KE = kinetic energy 
r = rate of effusion 
M = molar mass 
п = osmotic pressure 
i = van't Hoff factor 
K,- molal freezing-point depression constant 
K, = molal boiling-point elevation constant 
О = reaction quotient 
I = current amperes 
q = charge (coulombs) 
t = time (seconds) 
E?- standard reduction potential 
K = equilibrium constant 
Gas constant, R = 8.31 J mol! K^! 
= 0.0821 L atm mol"! К^! 
= 8.31 volt coulomb mol"! К+! 
Boltzmann's constant, k = 1.38 x 102? J КУ! 
K, for H,O = 1.86 K kg mol! 
K, for H,O = 0.512 K kg mol! 
STP = 0.000 °C and 1.000 atm 
Faraday's constant, “F = 96,500 coulombs per mole of electrons 
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GASES, LIQUIDS, AND SOLUTIONS 


PV = nRT 


2 
[os me |v nb) = nRT 
moles A 


x XA, where XA = ————— 
total moles 


PA=P 


total 


Р = РА +РВ+РС+... 


total 


D- 
V 
Nu 

Mow үм 

1 


KE per molecule = 5 my? 


KE per mole = > кти 


n M. 


n M, 
molarity, M = moles solute per liter solution 


N 


molality = moles solute per kilogram solvent 
AT,= іК х molality 
AT, = iK, x molality 


nRT 
V 


T= i 


OXIDATION-REDUCTION; ELECTROCHEMISTRY 


[c [p] 
Q- , where aA + РВ > cC + dD 
[AT [o]? 
1—4 
t 
o RT 
E, mu mk In Q 
= Е? 2 log Q at 25*C 
gk пЕ` 
0.0592 
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SECTION Il 


Total time—90 Minutes 


Part A 
Time—40 Minutes 


YOU MAY USE YOUR CALCULATOR FOR PART A. 


Directions: CLEARLY SHOW THE METHOD USED AND STEPS INVOLVED IN ARRIVING 
AT YOUR ANSWERS. It is to your advantage to do this because you may earn partial credit if you 
do and you will receive little or no credit if you do not. Attention should be paid to significant figures. 


Write all of your answers in the space provided following each question. Answer Question 1 below. 
The Section II weighting for this question is 20 percent. 


1. In water, propanoic acid, HC,H;O,, is a weak acid with an equilibrium constant, K , equal to 1.3 x 105. 
(a) Write the equilibrium expression, K , for propanoic acid. 
(b) Calculate the pH of a 0.100 M solution of propanoic acid. 
(c) Calculate the pH of a 0.100 M solution of sodium propanoate, МаС,Н;О,. 


(d) Calculate the pH of a mixture made by combining equal volumes of 0.100 M propanoic acid and 0.100 
M sodium propanoate. 
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Directions: Answer EITHER Question 2 OR Question 3. Only one of these questions will be graded. 
If you start both questions, make sure you cross out the one you do not want scored. The Section II 


weight for the question you choose is 20%. 


2. 2NO(g) + CL (g) > 2NOCI(g) 

Initial Initial Initial 

Pxo Pa, Rate 
Experiment (atm) (atm) (atm 57!) 
1 0.50 0.50 5.0 x 102 
2 1.0 1.0 4.0 x 102 
3 0.50 1.0 1.0 x 102 

4 0.75 1.25 ??? 


Use the rate data for the reaction above to answer the following questions. 


(a) Write the rate equation based on the experimental data. 


(b) What is the order of the reaction for NO, CL, and overall? Justify each response. 


(c) Calculate the rate constant, k, for this reaction. 


(d) Determine the missing initial rate in experiment 4. 


3. An electrolytic cell contains molten ZnCl,. The zinc chloride is electrolyzed by passing a current of 3.0 A 
through the cell for a certain length of time. During this process, 24.5 g of Zn are deposited on the cathode. 


(a) Write the chemical equation for the reaction at the cathode. 


(b) Write the chemical equation for the reaction at the anode. 


(c) How long does the process take? 


(d) What weight of chlorine gas bubbles are released at the anode? 


GO ON TO THE NEXT PAGE 
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Part B 
Time—50 Minutes 


YOU MAY NOT USE CALCULATORS WITH PART B. 


Directions: Answer Question 4 below. The Section II score weighting for this question is 15 percent. 


4. Write the formulas to show the reactants and products for FIVE of the eight equations written below. Answers 
to more than five responses will not be scored, so be sure to cross out any incomplete responses. Assume that 
each reaction occurs. Also assume that all solutions are aqueous unless otherwise stated. If substances are 
extensively ionized in solution, be sure to represent them as such. Omit formulas for ions or molecules that are 
unchanged during the reaction. Equations need not be balanced. 


Example: A strip of magnesium is added to a solution of silver nitrate. 
Answer: Mg-Ag*— Mg” + Ag 


(a) Solid lead sulfide is heated strongly in air (roasted). 

(b) Solid potassium chlorate is heated in the presence of manganese dioxide as a catalyst. 

(c) A solution of silver nitrate is added to a solution of potassium chloride. 

(d) A piece of magnesium metal is added to a solution of iron (II) chloride. 

(e) A solution of tin(II) chloride is added to an acidified solution of potassium permanganate. 
(f) Hydrogen sulfide gas is bubbled through a solution of cadmium nitrate. 

(g) Propanol is burned completely in air. 


(h) Samples of boron trichloride gas and ammonia gas are mixed. 
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Directions: For the remainder of the exam, yourresponses will be graded according to their accuracy 
and relevancy. Your responses should be well organized and presented in a very clear, concise 
manner. Brief, specific answers are preferable to longer, general responses. You may use any 
examples or equations if it is appropriate. 


Answer BOTH Question 5 AND Question 6. Both of these questions are required and each will be 
graded. The weighting of these two questions in Section II is 30 percent (15 percent each). 


5. Youare to determine the molar mass of a volatile liquid using the vapor density method. Assume you have the 
following equipment available to you: 


Hot water bath Accurate balance Thermometer Barometer 
Aluminum foil Straight pin Unknown liquid 125 mL Erlenmeyer flask 
Clamp Ring stand Graduated cylinder 


(a) Describe the procedures you would use to set up the equipment and perform the experiment. 
(b) List the measurements you would need to take. 

(c) Show the set up of the calculation of the molecular mass (not necessary to calculate). 

(d 


(e) Show the setup for the calculation of the percent error if your results were 130 g/mol and the accepted 
value was 125.5 g/mol 


М7 


Describe the effects on the calculated molecular mass if the liquid was not completely vaporized. 


6. Explain each of the following observations using principles of atomic structure and/or bonding. 
(a) Rubidium has a lower 1* ionization energy than sodium. 
(b) The ionic radius of P is larger than S. 
(c) Magnesium atoms (atomic number 12) are larger than chlorine atoms (atomic number 17). 


(d) There is a large increase between the 2™ and 3" ionization energies of magnesium. 


GO ON TO THE NEXT PAGE 
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Directions: Answer EITHER Question 7 OR Question 8. Only one of the two questions will be 
graded. If you start both questions, make sure you cross out the one you don't want to be scored. The 
Section II weighting of the question you answer is 15 percent. 


7. Sulfur dioxide has a normal freezing point and boiling point of —72.7 °C and –10.0 °C, respectively. The triple 
point is —75.5 °C and 1.65 x 10? atm. The critical point of sulfur dioxide is 157 °C and 78 atm. 


(a) 


(b) 


(c) 


(d) 


Draw a rough sketch of a phase diagram for SO,, and include labels. Note: the drawing does not need 
to be to scale. 


Describe the changes that would take place if the pressure on the gas changed from 1.50 x10? atm to 
20 atm at —20 °C. 


If the temperature of SO, is decreased from —50.0 C to —70.0 C at a constant pressure of 1 atm, what 
changes can be expected? 


Does the density of the liquid increase or decrease as pressure is increased? Provide a justification for 
your response. 


8. Answer each of the following using appropriate chemical principles. 


(a) 


(b) 


(с) 
(4) 


When ice at the freezing temperature is compressed, it liquefies, while CO,, when compressed, 
solidifies. 


Rock salt mixed with ice is used as a freezing mixture in home ice cream makers. The slushy salt-ice 
mixture remains fluid at temperatures well below 0 ?C. 


Helium balloons deflate more rapidly than the same size balloons filled with air. 


Ice cubes can appear cloudy because of dissolved gases that are present at freezing. To make clear ice 
cubes, it is preferable to use hot water over cold. 


END OF SECTION II. IF YOU HAVE ANY TIME LEFT, GO OVER YOUR 


WORK IN THIS SECTION ONLY. DO NOT WORK IN ANY OTHER 
SECTION OF THE TEST. 
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ANSWERS AND EXPLANATIONS 


Section | 


1. 


. The correct answer is (A). 


. The correct answer is (B). 


The correct answer is (C). Paramagnetism can be 
seen in atoms with unpaired electrons. Hund's rule 
allows us to predict the pairing of electrons in 
atomic orbitals, and therefore, the magnetic prop- 
erties of the atom. 


This statement is 
pretty much a paraphrase of Heisenberg's prin- 
ciple, which eventually led to the quantum model 
of the atom, based on probabilities of finding 
electrons in certain regions. 

The Schródinger 
equation allows us to narrow down the places most 
likely to find electrons in an atom. These locations 
are a variety of orbitals. 


- The correct answer is (D). BF,, with its incom- 


plete octet, is capable of accepting a pair of elec- 
trons from F to form a covalent bond. Electron pair 
acceptors are Lewis acids 


. The correct answer is (E). CN” is donating a pair 


of electrons in the formation of the complex ion. 
Electron pair donors are Lewis bases. 


- The correct answer is (E). H,O accepts a proton 


from HC,H,O,. Proton acceptors are Bronsted— 
Lowry bases. Water can act as а Brénsted-Lowry 
acid or base, but in this reaction it 1s a base. 


. Thecorrectanswer is (B). Electronegativity is the 


measure of the strength of the attraction an atom 
has for the electrons of another atom in a chemical 
bond. Atoms with the highest electronegativities 
are those with the largest effective nuclear charge 
and the smallest amount of shielding. While neon 
seems to match this description, itis unable to form 
chemical bonds and therefore has no electronega- 
tivity. The halogen chlorine is the next best candi- 
date. 


. The correct answer is (A). This is one of those 


“you either know it, or you don’t” questions. If you 
stop to think of the variety of molecules nitrogen 
forms even with oxygen, it should be apparent that 
no other molecule in the list has such a large variety 
of oxidation states. 


9. 


10. 


11. 


Practice Test 2 


The correct answer is (E). Ionization energy, the 
energy required to remove an outer electron from 
anatom, varies much the same as electronegativity. 
As the amount of shielding increases, the ioniza- 
tion energy decreases (the shielding weakens the 
attraction between the nucleus and the outermost 
electrons). As the effective nuclear charge increases, 
the ionization energy increases (higher effective 
nuclear charge means a stronger attraction between 
the nucleus and the electrons). Therefore, the ele- 
ments with the smallest ionization energies will be 
those with the most shielding and the smallest 
effective nuclear charges. Rubidium, a Group IA 
element in period 5 is the most suitable candidate 
among the other choices. 

The correct answer is (D). In this problem, you 
know that in the final solution, there are 2.5 moles 
of HCI present in the 1.00 L of solution. That means 
that there must have always been 2.5 moles of HCl 
present. To determine the volume of 6.0 M HCI that 
would contain 2.5 mol HCl, we need to use the 
molarity equation: 


. moles solute 

— Liter soln 

. 2.5 mol НСІ 

~ Liters soln 

To solve for the volume, we can use the equation: 


6.0 M 


. 2.5 mol 

|. 60M 
Solving for V, we obtain 0.417 L. In milliliters this 
is closest to 420 mL. 


The correct answer is (A). This question is 
checking your ability to determine the presence 
and strengths of intermolecular forces. Two of the 
choices are elements—(D) and (E)—which only 
exert dispersion forces. They will have very low 
boiling temperatures. The next two—(B) and (C)— 
experience hydrogen bonding, which will gener- 
ally produce higher boiling temperatures than dis- 
persion forces. Finally, the correct choice, (A), is 
an ionic compound. Ionic bonds are much stronger 
than any of the intermolecular forces, so Na,S will 
have the highest melting/boiling point. 


www.petersons.com 


545 


546 


12. 


13. 


Part IV: Practice Tests 


The correct answer is (A). The minimum amount 
of hydroxide ion that must be present to cause the 
precipitation of Al(OH), can be calculated from the 
equilibrium expression. 


K, = 2.0 x10? = [АТОН]? = (0.2) (х)? 


4, 20x10? 
P nt ЕЕ———————= 
0.2 


x= ¥1.0x10"! 


At this point, you know that [OH] = 41.0x10^' . 
In order to calculate the pH, you need to determine 
the [H*], which is done with the calculation 


= 1.0 x 102! 


ca -1x107 Е | 2i | 
[ OH- | 41.0 x 107! 
Because pH = -log[H*], we can say that the pH at 
which precipitation will begin is 


us | —1х10* | 
\1.0х10°! 

The correct answer is (A). Isotopes of an element 
must have the same atomic number (number of 
protons), but a different mass number (which, for 
atoms with the same atomic number means they 
have a different number of neutrons). The only pair 
that has the same number of protons but different 
numbers of neutrons is choice (A). 


14. The correct answer is (D). Both substances are 


15. 


16. 


ionic solids. The difference in melting points will 
be due to the differences in lattice energies. The 
total number of charges in the atom affects lattice 
energies. Since choices I and II both deal with these 
differences, they are the correct explanations. III 
describes ionic radius, which does not determine 
the lattice energy. 


The correct answer is (C). The general trend for 
oxoacids is that the greater the number of oxygen 
atoms, the greater the strength of the acid. 


The correct answer is (C). 87.596 decomposed is 
the same thing as saying that strontium-90 has 
undergone three half-lives (50% decomposes in 
the first; half of that, or 2596 in the second, and half 
of that again, 12.5% decomposes in the third). Once 
that has been determined, the problem can be 
solved by multiplying the half-life by the number 
of half-lives: 


28 years 


— ——— — X 3 half-lives = 84 years 
1 half — life 
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17. 


18. 


The correct answer is (C). A positive value of S 
represents an increase in entropy. In choice (C), the 
number of moles of gas particles increases from 2 
mol to 3 mol, an overall increase. This will create 
more disorder, and hence an increase in entropy. 


The correct answer is (E). There are two ways to 
approach this. The first is to simply have memo- 
rized that when 6 electron pairs are found around a 
central atom, the hybridization has to Бе d?sp?. The 
other way is to consider the orbital diagram of 
sulfur: Unhybridized S atom 


tL] И INNE] А ИЙ 
ls 2s 2p 3s 3p 3d 
Hybridized S atom 
[N 19]. МШШ 
Is 2s 2p 
тутт | 
sp?d? 3d 


19. 


20. 


21. 


22. 


The sulfur atom, because it has empty d orbitals, 
can promote one 3p and one 3s electron to yield the 
6 sp?d? (d?sp?) hybridized orbitals. 

The correct answer is (D). Oxidizing agents are 
substances that are capable of oxidizing other sub- 
stances. Oxidation is the loss of electrons, which 
means that an oxidizing agent takes electrons away 
from other atoms. Only elemental iodine, L, acts as 
an oxidizing agent (1, + 2e > 2T). 

The correct answer is (E). Vapor pressure is 
measured when the rates of evaporation and con- 
densation are in equilibrium. 


The correct answer is (A). The reaction is exo- 
thermic, which means that a decrease in tempera- 
ture will cause a shift to the right. The right side of 
the equation also has more moles of gas particles 
than the left side. This means that in low-pressure 
situations, the reaction will shift to the right. There- 
fore, under low temperature and pressure condi- 
tions, the reaction will shift to the right, raising the 
value of Kog 


The correct answer is (В). The CO; ion will 

form an equilibrium with H* as shown below: 
CO,” + Н+ => HCO, 

Using Le Châtelier’ s principle, we know that if we 


remove Go (by forming HCO,>), we will drive 
the solubility equilibrium of CaCO, to the right. 


CaCO, => Ca?* + СО,2- 


23. 


24. 


25. 


26. 


The correct answer is (C). Conjugate acid/base 
pairs must be related by the loss and subsequent 
gain of a proton. Choice (C) is the only choice in 
which the loss of a single proton yields that conju- 
gate. 


The correct answer is (C). Atomic radius de- 
creases moving from left to right across a period, 
and increases moving top to bottom down a group. 
Fluorine is above chlorine, so it must be smaller 
than chlorine. Chlorine is to the right of sulfur, 
meaning that it must be smaller than sulfur. There- 
fore, fluorine is the smallest atom, followed by 
chlorine, which is larger, and sulfur, which is the 
largest. 


The correct answer is (A). In this problem, you 
will be comparing Q to К. From your comparison, 
you will determine the direction of the reaction. 
The calculation of Q will proceed as follows: 


хн, ] 


© Ta TON] 
_ Q.00 M NH, 
~ Q.00 M H,» (1.00 M N,) 
_ 4.00 


~ 8.00 
= 0.5 


The value of Q is greater than K , indicating that 
there is too much product at this stage. To achieve 
equilibrium (where K, = 0.105), the reaction will 
have to proceed toward the left. 


The correct answer is (C). This is a combined gas 
law problem involving pressure, volume, and tem- 
perature. One very important thing to remember is 
that in all gas law problems, the temperature must 
be the absolute temperature. Once that is estab- 
lished, the equation must be set up to solve for the 
final pressure. 


PV, _ EV, 
T Т, 


1 2 
Isolating P,, you end up with the equation: 


27. 


Practice Test 2 


The correct answer is (B). You must start this 
problem by setting up the equation for К. 


[H [^] 
K = 
' [BA] 
In order to solve for К we can’t have any un- 
knowns on the right side of the equation. Careful 
inspection lets us know that we don’t. We know the 
pH of the solution, which means that we know the 
hydrogen ion concentration. In addition, because it 
is a monoprotic acid, we know that the concentra- 
tion of A~ will be equal to the hydrogen ion concen- 
tration. We are given the initial concentration of 
HA so we can use that to help solve the problem. 


HA H* A^ 
Start 0.10 0 0 
A -x +x +x 
Finish 0.10 -x х х 


28. 


29. 


Before substituting any numbers into the К, equa- 
tion, we can determine the hydrogen ion concentra- 
tion. 


[Н+] = 107" = 104 
Since [H*] = [A7], 


" [8 |[А-| (1107) (1x107) 


0.10 


"o [m] 
- 10x 107 


The correct answer is (C). The superscript num- 
ber next to the concentration of NO ([NOD) indi- 
cates the order ofthe reaction. Since the superscript 
is a two, this indicates that the order with respect to 
NO is second. 


The correct answer is (A). When you see two 
masses in a stoichiometry problem, you should be 
alerted that you are dealing with a limiting reactant 
problem. This problem will have two stages—the 
first is to determine the limiting reactant, and the 
second to determine the mass of the hydrogen gas. 
Before we do anything, we need to see the balanced 
equation for the reaction: 


Mg(s) + 2Н„О@) > Mg(OH),(aq) + H,(g) 
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30. 


31. 


32. 


33. 


Part IV: Practice Tests 


With this established, we can begin to determine 
which reactant is the limiting reactant. 


] mol Mg 


4.73 g Mg x 192 20,195 mol M 
а: 24.30 g Mg В 
1 mol H,O 
1.83 g Ox —~—2— =0.102 mol H,O 
18.02 g H,O 3 


From the balanced equation we can see that we 
need two moles of H,O for every one mole of Mg. 
In the present amounts the ratios are nearly reverse 
(there is nearly twice as much magnesium). This 
means that water is the limiting reactant. Because 
of this, we can now solve the problem using the 
number of moles of water present as a starting 
point: 


1 mol H, 2.02 g H, 
(0.102 mol H,O) 
2 mol H,O }\ 1 mol 2H, 


=0.103 g 


The correct answer is (E). O is far more electrone- 
gative than S. As a result, the bonds in H,O are far 
more polar than those in HS. This greater polarity 
allows for greater hydrogen bonding in water, and 
subsequently a higher boiling temperature. 


The correct answer is (A). First thing you need to 
do is determine which material is the cathode and 
which is the anode. Remember that the anode is 
always the material with more negative reduction 
potential. In this case, lead is the anode and copper 
is the cathode. Once this has been established, you 
can determine the reduction potential of the cell 
using the formula: 


Even = Ecathode — Eanode = 034 V - C13 V) = 0.47 V 


cell 


The correct answer is (E). In this question you are 
really just showing that you can interpret the solu- 
bility product constant expression, E Since the 
value of Ky is the product of the concentrations of 
the anion and cation in solution, smaller values of 
Es indicate smaller concentrations of dissociated 
ions. This means that less of the solid has dissolved. 
Sn(OH), has, by far, the smallest value for K, and 
is therefore the least soluble. 

The correct answer is (E). With a double bond 
between N and O, oxygen has an octet, however, 
nitrogen only possesses seven electrons. The octet 


rule can’t be satisfied for NO. 
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The correct answer is (D). The first thing to 
notice here is that H,PO, is a polyprotic acid. Each 
mole will yield three moles of H* ions. In 0.020 L 
of 0.10 M solution, there are 2.0 x 10? moles of 
H;PO,. After complete dissociation, this will yield 
6.0 x 10? moles of H* ions. In order to neutralize 
this much H*, you will need 6.0 x 10? moles / 
0.20 M = 0.03 L KOH, or 30 mL. 


The correct answer is (C). Beta decay occurs 
when a neutron breaks down to form a proton and 
abeta particle (electron). This will cause the atomic 
number to increase by one, and the mass number 
remains constant. In the first beta decay, lead-214 
becomes bismuth-214. The second beta decay 
converts bismuth-214 to polonium-214, as shown 
below: 


214 214p: , 0 - 
z2 Pb > gBi+ е 


214p: 214 0 - 
вз В1 > g4 Pot те 


The correct answer is (B). This is a grams to liters 
stoichiometric conversion. The conversion factor 
of 22.4 L per mole of gas will be used in the final 
portion. 


1mol H 22.4LH 
32.7 ¢ Zn x 1 mol Zn mol H, Я 
65.39 g Zn J| 1 mol Zn }\ 1 mol H, 


37. 


-112LH, 


The correct answer is (D). To solve this, first we 
need to determine how many moles of electrons 
will be required to reduce the 100.0 g of Ni. Once 
we know that, we can use the current to determine 
the time. 


ШО ed aad 
58.69 g Ni 


The next step is to determine how many moles of 
electrons will be required and then how many 
coulombs of charge. 


100.0 g Ni x 


1.704 mol Ni 20101 3 ap mol e- 
1 mol Ni 

3.08 mole- x 29299© —з.289 x 105 C 
1 mole- 


Because charge = current x time, we can rearrange 
the equation to solve for time: 


3.289 x 10°C 
5.00A 


65965: 10x | nn 
60 s 


= 6.578 x 10* s 


1 hr 
60 min 


| = 18.3 hr 
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The correct answer is (E). You need to consider 
the answers to three questions while working 
through this one. First of all, if an ice cube sits out 
at room temperature, is heat required to melt it? If 
so, the process is endothermic (and AH? will be 
positive). The second question, is the water more 
disordered than the ice? If so, the process increases 
the entropy (which will be positive). The final 
question, is the process spontaneous? If so, the free 
energy is negative. 


The correct answer is (E). Ionic radii are a little 
more difficult to judge than atomic radii because 
they vary within a period. There are certain trends 
that you can remember, however. For cations 
(mostly we look at groups IA, and IIA, and some- 
times IIIA), the ionic radius decreases from left to 
rightin a period, and increases going top to bottom. 
The reason for the decrease in size going across a 
period is that the atom loses all of its outer elec- 
trons. Because the atoms have not lost their pro- 
tons, the effective nuclear charge is rather high on 
the remaining electrons. For anions, the reverse is 
true. As the atoms gain electrons, the ions become 
larger than the neutral atom because the additional 
electrons are being attracted by the same number of 
protons as the neutral atom. In this question, three 
of the atoms are in the same period, and the other 
two are in the same group. Br has been chosen 
because it is the farthest down the list. 


The correct answer is (B). Esters have the char- 
acteristic R-COOR structure similar to this one. 


The correct answer is (E). You need to set up an 
equilibrium table to solve this problem. Because 
the reaction takes place in a 1.0 L vessel, you can 
assume that the number of moles and the molarity 
are equivalent. 


PCI, | ра, | Cl, 
Stat | 0.75 | 0 0 

A -0.10 | +0.10 | +0.10 
Finish | 0.65 | 0.10 | 0.10 


The decrease in PCI; can be assumed to be the same 
as the increase in the other two gases since the 
stoichiometric ratios of each is 1:1. Now that you 
have the values for the concentration of each sub- 
stance, you can solve for К: 
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к - Po ICL] _ (010)(040). р; 


* [Pa] (0.65) 

The correct answer is (C). In this problem, you 
will need to use the К, m equation for barium carbon- 
ate, substituting the given value for Kp as well as the 
concentration of carbonate ion in the sodium car- 
bonate solution. By using these two values, you can 
solve for the unknown concentration of barium 
ions. Because barium nitrate will only release one 
mole of barium ions per mole of barium nitrate, the 
required concentration of barium ions will equal the 
required concentration of barium nitrate. 


Ky ZO 107? z [Ba?*][CO,”] = (x)(1x10~) 


5.1х10° 
x=% 251x105 
1x10 


The correct answer is (A). Isomers have the same 
molecular formulas. An isomer of n-hexane would 
need to have a formula C,H, ,. Without even draw- 
ing the structures, you should be able to determine 
that no choice other than (A) has six carbons. A 
closer inspection of choice (A) should let you know 
that the molecule does in fact also have the formula 
CH4 

The correct answer is (D). Sodium chloride is a 
typical example of an ionic compound, giving it 
several unique characteristics. The melting point is 
high, due to the very strong electrostatic attractions 
binding the ions into a rigid crystalline lattice. 
Because of the rigidity of the crystalline lattice, 
ionic salts are hard. One thing that is not mentioned 
in the problem, but is worth remembering, is that 
ionic salts also tend to be brittle because of the 
various planes that exist within the crystalline 
lattice (the crystal can break along these planes). 
Finally, ionic salts are poor conductors of electric- 
ity because the electrons are localized about indi- 
vidual atoms. In solution, or in a molten state, when 
individual ions are free to move about, ionic com- 
pounds make good conductors. 


www.petersons.com 


549 


550 


45. 


46. 


47. 


Part IV: Practice Tests 


The correct answer is (A). This question is a 
conceptual application of the Nernst Equation. The 
Nernst equation is used to determine the impact of 
differences in concentration on cell emf. The equa- 
tion takes the form: 


pog. 00592 


log Q 


The value of Q depends on the concentration of the 
substances in the reaction. For this reaction, Q will 
be set up as 


[Zn] _ 0.50M 

[Са] 50M 
A little quick reminder about logarithms here: the 
logarithm of a number less than 1 is negative. 
Numbers greater than 1 are positive. Therefore, 
you should be able to see that as the concentration 
of the substance at the anode becomes less than the 
concentration of the substance at the cathode, the 
value of Q will decrease. When the value of the 
concentration of the substance at the anode is 
greater than the concentration of the substance at 
the cathode, the value of Q will increase. 


If you look at the effect this has on the overall 
equation, when the value of log Q is negative, the 
value of = log Q will be added to the cell 
voltage. In other words, it increases over standard 
conditions. When the value of log Q is positive, the 
value of MET log Q will be subtracted from the cell 
voltage. In other words, it decreases over standard 
conditions. 


In summary, when the concentration of the sub- 
stance atthe anode is greater than the concentration 
at the cathode, the cell emf decreases. When the 
value ofthe concentration at the anode is lower than 
the concentration at the cathode, cell emf increases. 


The correct answer is (B). What you need to 
remember in this problem is that the sum of the 
partial pressures in a system will equal the total 
pressure. In addition, you need to remember that 
when you collect a gas over a liquid, you need to 
take into account the vapor pressure of the liquid as 
part of the total pressure. Therefore, of the 300 mm 
Hg total pressure, 18 mm Hg of that is due to the 
vapor pressure of water at this temperature. That 
leaves the remainder from hydrogen. 


The correct answer is (E). An increased tempera- 
ture will cause an increase in the numbers of 
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particles that possess enough Kinetic energy to 
escape from the liquid to the gaseous phase. Inter- 
molecular forces are also a key determinant as to 
how much energy a particle must have to be able to 
escape from the liquid to the gaseous phase. The 
amount of liquid, however, is not a determining 
factorin vapor pressure, as the numbers of particles 
that change phase are going to be proportional to 
the increase in sample size. 

The correct answer is (Е). We can set up an 
equilibrium table to determine the molar solubility 
of BaCO,. Keep in mind that there are 0.1 mol Ba^* 
ions already in solution from the BaCl,. 


BaCO, | Ba% pO 
Start 0.1 0 
A +x +x 
Finish 0.1 +x х 
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At this point, we will assume that the value of x is 
significantly smaller than the value 0.1, which 
means the equilibrium expression will be 


K,, = [Ba?*][CO,"-] 
1.6 x10? = (0.1)(x) 
1.6x 10% = х 


Our assumption about x is correct, so we can keep 
this answer. 


The correct answer is (C). With the exception of 
choice (C), all of the substances can either donate 
a proton, or accept one. NH,* can only lose an 
electron. It cannot gain опе, so itis only a Brgnsted- 
Lowry acid. 


The correct answer is (B). N, P, As, and Sb are all 
group V elements that can form three single bonds 
with fluorine to yield an octet. Iodine, a group VII 
element, according to the octet rule, should only be 
able to combine with one fluorine atom. Combin- 
ing with 3 is a violation of the octet rule. 


The correct answer is (E). You should be very 
clear on the differences between molarity and mo- 
lality. Molality is the measure of the number of 
moles of solute dissolved per kilogram of solvent. 
The molarity is a measure of the moles of solute 
dissolved in a given volume of solution. If you 
know that a given solution has a molarity of 1.00, 
then you know there is 1.00 mole of solvent per liter 
of solution. Knowing the density will allow you to 
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determine the mass of a solution. If the mass of the 
solute is subtracted from the mass of the solution, 
the result will be the mass of the solvent, which is 
required for the determination of molality. 


The correct answer is (B). One important factor to 
remember (and one ofthe most frequently forgotten) 
is that molarity is the measure of the number of 
moles of solute per liter of solution. That means that 
the total volume of the solution must equal 5.00 L in 
this problem. In order to prepare a 0.1 molar solu- 
tion, you must have 0.10 mole per liter of solution. 


In this problem you must be careful of the total 
volume. The molarity, 0.10 M, tells us that we 
should be using 0.10 mole of solvent per liter of 
solution. In this problem, there are 5.00 L of solu- 
tion, so we will need to use 5 x 0.10 mol to get the 
correct answer, which is shown below: 


(= mol Pb(NO,), I 331 g Pb (NO,), 


(5.00 L) 
1.00 L 1 mol Pb (NO, ), 


= 165.5 g Pb(NO,), 


If you add 165.5 g Pb(NO,), to acontainer (such as 
a volumetric flask) and add enough water to equal 
5.00 L, you are making a 0.1 M solution. 


The correct answer is (E). This question is 
checking your knowledge of colligative properties, 
more specifically boiling point elevation. When a 
nonvolatile solute is dissolved in a solvent, the 
vapor pressure of the solution decreases relative to 
the pure solvent. This decrease in vapor pressure 
causes a corresponding increase in the boiling 
temperature. The more solute particles that are 
present in the solvent, the higher the boiling point 
elevation. In this question, the solute particles are 
all ionic compounds, and the concentrations are all 
the same. The difference between each salt is the 
number of ions that each will form upon dissocia- 
tion. The correct choice, Na,SO 7" dissociates into 
three ions (two Na* and one SO ла" which is the 
largest amount of any choice. 


The correct answer is (C). There аге two distracters 
imbedded in the problem. The problem is really a 
Charles’s law problem, however, because the pres- 
sure is given, it appears like a combined gas laws 
problem. Because the pressure remains constant, it 
is not required in the equation. In addition, the 
temperature is given in degrees Celsius rather than 
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kelvin. Once you have identified the potential 
pitfalls, you should be able to solve this problem 
rather easily using the Charles’s law equation: 


ү V 
qm wy 
200L 400L 
350K „К 
2.00x = 1400 
х= 700 K 


x = 700 — 273 = 427 °C 


55. The correct answer is (D). The solution of this 


problem requires a few steps. First, the rate deter- 
mining step is the second step in the reaction 
mechanism, so the rate law can be set up as: 

Rate = k,[N,O,][H,] 
However, N,O, is areaction intermediate, which is 
not allowed in the rate law. In order to solve the 
problem, we will have to use the first step in the 
mechanism and find a suitable substitution for 
N,O,. In the first step, which is an equilibrium step, 
the rates of the forward and reverse reactions are 
identical. Therefore, we can set up an expression 
such that Ку = k. In this expression, we obtain the 
following equality: 

k [NO]? = k_,[N,O,] 
If we rearrange this to set it equal to [N,O,], we will 
then have a suitable expression to substitute into 
the rate law. 


k 
[N,0,] = т [NOP 
=f 
The new rate law expression becomes: 


Rate = k. k NOJ H 
ate = 2% | rH " 
-1 


k 
If you replace the expression bl with k, the 
-1 


experimental rate constant, the rate law is: 


Rate = k[NO]? [H,] 


56. The correct answer is (B). There are two levels of 


interpretation that you can make here. The first 
concerns only the definition of boiling point, which 
states that a liquid will boil when the vapor pressure 
equals the atmospheric pressure. What this means 
is that a substance with a low vapor pressure will 
have to be heated to a higher temperature to make 
the vapor pressure equal the atmospheric pressure. 
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Materials with higher vapor pressures won't need 
to be heated as much to boil. 


The second way to interpret this is through the 
origins of vapor pressure. Substances that evapo- 
rate easily (are volatile) have weaker intermolecu- 
lar forces than those that do not evaporate easily. 
Substances with higher vapor pressures are sub- 
stances with weaker intermolecular forces. This 
means that they will also have lower boiling tem- 
peratures. 


The correct answer is (D). This problem uses the 
free energy equation: 


AG? = AH? - TAS? 
To solve this problem, we need to rearrange the 
equation to solve for AH?: 


AH? = AG? + TAS? 
When the given information is substituted in the 
equation, you obtain: 


AH? = 91.2 kJ + (298 K)(135 J) HUE 
1000 J 


= 131.4 kJ 


The correct answer is (Е). In ће NaAsO, mol- 
ecule, you can determine the oxidation number of 
As by first determining the charges on the cation 
and anion. Since sodium always has a charge of 1*, 
that means the AsO, must have a 17 charge. Oxy- 
gen, with a 27 charge contributes 3(27), ог 6* 
charge. In order to have a total charge of 17, arsenic 
must have an oxidative of *5. This can be shown 
mathematically as: -1 = 3(-2) + 5 

The correct answer is (B). The first thing that 
must be done is to calculate the molarity of the 
solution. This is accomplish using the grams of 
solute per liter data: 


1 mol Mg(NO,), 
148.322Mg(NO,), 
= 1.969 mol Mg(NO,), 


292 g Mg(NO,), x 


Next, we can use the density of the solution to 
determine the overall mass of the solution: 


Mass of solution = density x volume 
= 1.108 g/mL x 1.00 L x 1000 mL/L 
= 1108 
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Using this mass of the solution, we can subtract the 
mass of the Mg(NO,), to determine the mass of the 
solvent (water). 


Mass of solution — mass of solute = mass of 
solvent 

1108 g – 292 g Mg(NO,), = 816g H,O 

= 0.816 kg H,O (kg is the unit of molality) 


Finally, we can calculate the molality. 


Мойше moles of solute 
kg of solvent 


_ 1.969 mol Mg(NO,), 
0.816 kg H,O 
=2.41m 


The correct answer is (A). Li has been chosen 
because of the large jump between the first and second 
ionization energies. This means that the first electron 
was relatively much easier to remove than the second. 
This pattern is consistent with elements in Group IA 
since the second electron must be removed from a 
lower energy level, which has both less shielding and 
ahigher effective nuclear charge than the firstelectron 
did. 

The correct answer is (B). Gases are most soluble 
in liquids at low temperature. This is unlike most 
solids, which become less soluble at lower tempera- 
tures. In addition, high external pressures increase 
the solubility of gases in liquids. For solids, pressure 
has a negligible effect. 


The correct answer is (A). The first step is to 
determine the number of moles of each substance 
present. From this we can determine the empirical 
formula, and later the molecular formula. When 
given percentages, you can assume a 100 g sample, 
which allows you to directly convert each percent- 
age directly to an amount in grams. The number of 
moles of each substance can be calculated as shown 
below: 


AoC PUO. samc 
12011 gC 
riens OO" aoe nat 
1.01 gH 
1 mol 
Бох c и Т. 
16.00 gO 
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The next step is to divide each number by the 
smallest number of moles: 


а 3% 
3.33 

Het 15929 
3.33 

0-23 1 
3.33 


These can be used as subscripts in the empirical 
formula. 


CH,O 
The formula weight of the empirical formula can 
then be compared to the molecular weight to deter- 


mine if any adjustment will be necessary. The 
formula weight of the empirical formula is 


CH,O = (1 x 12.011 g) + 2x 1.01 g) + 
(1 x 16.00) = 30.03 g 


Since the molecular weight is 60.5 g, that means 
that each subscript must be multiplied by two in 
order to obtain the molecular formula: 


C,H,0, 
The correct answer is (D). This is a partial 


pressure problem. To solve it, you need to use two 
equations (both from chapter 9). 


n, 
X,- x апар, =P- X, 
We can determine the mole fraction of NO, using 


the firstequation. Next, knowing the total pressure, 
we can substitute the mole fraction into the second 
equation (along with the total pressure) to solve for 
the partial pressure of NO,. 


n, 4.5mol _ 


^ nm 60mol — 

Ро, = Р: X, = (8.00 atm)(0.75) = 6.0 atm 
The correct answer is (D). When calculating the 
oxidation numbers, the total numbers must add up 
to the charge of the species (whether it is an ion, 
molecule, or formula unit). In this case, for the 
formula: 


Mn,O, 
The oxidation state of oxygen is —2, which gives a 
total of —14. In order to balance this with two 


manganese atoms, the oxidation state on each must 
be +7. 
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3.84 mol CI, x | 
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The correct answer is (B). This is a mole to mole 
conversion. If you have a balanced equation to 
start, you can solve these in your head. The mole 
ratios from the balanced equation allow you to 
quickly convert between moles of substances. The 
ratio of Cl, to 51С1, is 2 to 1. That means you will 
produce only half as many moles of 51С1„, or 1.92 
mol. You can also solve the problem using a 
formula, as shown below: 


1 mol SiCl, 
2 mol Cl, 


The correct answer is (C). The reaction is zero- 
order for CO. You can tell this because the rate law 


| = 1.92 mol 51СІ, 


does not contain any information about it. As a 
result, the rate of the reaction is unaffected by the 
concentration of CO, provided that some is present. 


The correct answer is (C). An important thing to 
remember about catalysts is that they do not affect 
the equilibrium of a system. They affect only the 
rates at which equilibrium is attained. 


The correct answer is (D). A square planar 
configuration is achieved when an atom has 6 
electron pairs, four of which are bonding pairs, and 
two of which are lone pairs. Because Xe is a noble 
gas, it can form four single bonds while still main- 
taining two lone pairs of electrons. 


The correct answer is (D). Effective buffers 
consist of weak acids and their conjugate bases. 
This pairing consists of the weak acid НСО, апа 
its conjugate, со,” 
The correct answer is (A). This problem uses the 
equation for specific heat capacity: 

а= mC, AT 
The logic is that the heat lost by the metal as it is 
cooling is transferred to the water. This heat trans- 
fer causes an increase in the water’s temperature. 
Because the heat lost by the metal is the same as the 
heat gained by the water, two equations can be set 
up and made equal to one another. This will allow 
us to solve for the unknown, the specific heat of the 
metal. 
For water: 
а= тС,АТ = (100.0 g)(4.18 J/g?C)(5 °С) 
= 2090 J 


This is the same amount of heat lost by the metal. 
While itis technically correct to assign the metal a 
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negative sign (which would come as a result of the 
decrease in temperature, and the subsequent nega- 
tive value for q), the sign has no impact on the final 
answer so we will use positive values. 


For the metal: 
q- mC, AT 


2 
(a WI зол 
^ mAT (100.0 g)70 °C) 
The correct answer is (D). The balanced equation 


is shown below: 
4NH,(g) + 50,(g) > 4NO(g) + 6H,O 


The correct answer is (B). The change from 200 
K to 400 K should stand out to you as a doubling of 
the absolute temperature. Of all the choices that are 
listed, pressure is the only one that is directly 
related to temperature (1.е., when temperature 
doubles, pressure doubles). The most tempting 
distracter is probably choice (C). While velocity 
does increase with increased temperature, you may 
remember from chapter 9 that it does so according 
to the equation 


| 3RT 
и =,/—— 
idi M 


The correct answer is (A). The best strategy to 
solve problems like this is to look for patterns in the 
experimental data, particularly where the concen- 
tration of one reactant remains constant while the 
other changes. In this reaction, comparing experi- 
ments 1 and 2 doesn't provide a clear picture of the 
rate law. The concentration of A and B each double, 
while the initial rate increases by four times. Noth- 
ing clear can be concluded here, so check another. 


Looking at experiments 2 and 3, we see a critical 
piece ofthe puzzle. The concentration of A doubles 
while B remains constant, and the initial rate also 
remains constant. This means that the reaction 
order for A is zero. 


Going back to the data from experiments 1 and 2, 
we can now see that if the reaction is zero order for 
A, then it must be second order for B (to account for 
the fourfold increase in the initial rate). We can 
confirm this by comparing experiments 1 and 4. In 
these experiments, the concentration of B triples 
(we don'tneedto worry about what A is doing since 
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it is zero order), and the initial rate increase 3? 
times, or 9 times. The rate law must be Rate = «(B]?. 


The correct answer is (A). This is a mass-to-mass 
stoichiometric conversion. The first step in solving 
the problem is to determine the balanced equation 
for the reaction. This will be necessary to determine 
the mole ratios in the conversion. The balanced 
equation is: 
3Mg(s) + N,(g) ^ Mg,N,(s) 

At this point, you can set up the conversion from 
grams of Mg to grams of Mg,N, 


1 mol Mg 1 mol Mg,N, 
24.30 g Mg 3 mol Mg 


100. 
x 00.92 g Mg,N, = eds 
1 mol Mg,N, 


The correct answer is (C). The first thing to 
consider is the free energy. Reactions for which AG 
is negative will proceed spontaneously. This rules 
out three of the five choices. To determine the 
correct answer you need to use the relationship 


AG? = -RT In K or AG? = -2.303 RT log K 


For this step, you need to recall that the when K is 
greater than 1, log K (or In K) is positive, and 
therefore AG? is negative. When K is less than 1, 
log K (In K) is negative, and AG? is positive. So, 
when K is greater than 1 (and therefore AG? is 
negative), the reaction will be spontaneous. 


1.22 g Mg x | 


Section Il 
1. 


(a) Propanoic acid will dissociate and establish the 
following equilibrium: 
НС,Н;О, <> H* + C4H,0,* 
The equilibrium constant expression, therefore, 
will be: 


- н" ][ c; 8,0; | 
* A [HC,H,O, | 
(b) To calculate the pH, we need to determine the 
concentration of hydrogen ions in the expression 
for K, in part (a). We will need to set up an 
equilibrium table to do this. 
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To solve for OH- (which will allow us to calculate 
the pH), we need to establish a value for K; This 
can be done as shown below: 


K, 13x10” 
With this established, we can set up an equilibrium 
table to calculate the [OH] 


K j p 
QIUMS S gg туло 


b 


C,H,O,- | HC,H,O, | OH- 


Start 0.10 0 0 
^ -x +X +X 
Finish | 0.10- x Xx Xx 


HCjHO, | H* | сн; 


Start 0.10 0 0 
^ -=x TX TX 
Finish 0.10- x x x 


K,=13*10%= йч 
s | HC,H,O, | 
_ Qux ox 
» (010-x) 0.10 
Rearranging to solve for x we obtain 


х= 413x1075 = 1.1x 102 M 


Since x is equal to [H*], 
[H'] = х= 1.1 x 10° M 
Finally, we can solve for pH, using the [H*] 
pH = -log[H*] = -log(1.1 x 10?) = 2.96 

(c) To solve this problem requires a few steps. First, 
you need to decide whether the salt will be acidic or 
basic in solution. Since it is the salt of a strong base 
and a weak acid, it will be basic in solution. The 
propanoate ion (С.,Н;О,-) will hydrolyze to yield 
HC4H;O, and OH-. Therefore, it will be basic in 
solution. Thus, in order to calculate the pH, we will 
need to solve the equilibrium expression for K, and 
use this value to calculate the pH. 


The reaction that will determine the pH is 
C,H,O, + H,O <> HC,H.O, + OH- 


The next step is to calculate K,. This will allow us 
to determine the [OH ], which will allow us to 
calculate the pH. 
[нс,н,о, || OH | 
[C,8,0; | 
_ (a) 
(0.10 - x) 
Again, we will assume that xis significantly smaller 
than 0.10. Therefore 


K, =7.7x 107 = 


2 


=7.7x 107" 


0.10 


Solving for x, we obtain 


х= 477х107" =8.77 10° 
Therefore, [OH-] = x = 8.77 x 105 M 


To calculate the pH, there are a few different 
strategies we can use. We will use the technique of 
determining the [НУ] from the [OH ], and then use 
the normal pH equation. 


=1.14x10° 


-14 -14 

0090 _ 10х10 “ 
Гон | 8.77 x10 

pH = —log[H+] = -log(1.14 x 10-9) = 8.94 
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(d) This problem will be similar to part (a) except this 


time, you will be starting with an amount of 
propanoate ion. The first thing to do is to set up an 
equilibrium table: 


HC4H;O, H* C.H;O, 
Start 0.100 0 0.100 
A -x +x +x 
Finish | 0.100 -x x 0.100 + x 


We can use the value, and equation for K, that was 
given in part (a) 


РИТЕ og 
a [ HC,H,O, | 
(x)(0.100 + x) 
(0.100 — x) 
At this point, we must make the assumption that x 
is much less than 0.100. Doing so allows us to 
rewrite the equation as 


13x 105 = ()(0.100) 
(0.100) 


Solving for x, we obtain 
x=[H*]=1.3x 10? M 


Finally, we can use the [H*] to solve for pH 
pH = -log[H*] = -log (1.3 x 10?) = 4.89 


(a) and (b) Rate = Кро)? Po) 
Looking at the data, the differences between ex- 
periments 1 and2 are not sufficient enough to make 
a judgment about the order since the partial pres- 
sures of each gas changes. However from experi- 
ments | and 3, the pressure of Cl, doubles, while 
the pressure of NO remains constant. This doubling 
of pressure causes a doubling of the rate, indicating 
that the reaction is first order for CL. 


Comparison of experiments 2 and 3 show that the 
concentration of NO decreases by one half, while 
the pressure of NO doubles (from experiment 3 to 
experiment 2), the initial rate increase by four 
times. This indicates that the reaction is second 
order for NO. 

As а check, a comparison of experiments 1 and 2 
where each NO and Cl, double should produce an 
eightfold increase in the initial rate, which it does. 
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(c) Tocalculate k, you just need to substitute data into 


(d 


МУ 


the rate law. It doesn't matter which of the three 
experiments you pick, they will all come out the 
same. 


Rate = KPxo Da) 
5.0x10^atms* 


(ру) (ре„) (0.50am)? (0.50atm) 
=4.0х 10-2 atm? s^! 


Equipped with the rate constant k from part (c), we 
can calculate the missing rate in experiment 4. 


Rate = KPxo) Po) = (4.0 x 102 atm? $7!) 
(0.75 atm)*(1.25 atm) = 2.8 x 102 atm s^! 


Rate ! 


. (a) At the anode, chloride ions are oxidized to 


become chlorine gas, Cl,. This will proceed ac- 
cording to the half—reaction: 


2CI- > CL (g) + 2e 


(b) At the cathode, zinc ions will be reduced to 
zinc metal: 
Zn% + 2e-  Zn(s) 

(c) To determine the time required for the reac- 
tion, you need to consider the amount of zinc 
deposited at the cathode and the amount of current 
passed through the cell. From the amount of zinc 
deposited, you can determine how many moles of 
electrons will be required to allow this reduction. 
You can then determine how much current will 
have to pass through the cell to produce this many 
electrons. 


1 mol Zn 
65.39 g Zn 
Because each zinc ion requires 2e , the number of 
electrons required by the zinc will be 


24.5 g Zn x = 0.3747 mol Zn 


2 mol e- 


0.3747 mol Zn x = 0.7494 mol e^ 


1 mol Zn 
Using Faraday’s constant, we can determine that 
the number of Coulombs required will be 


96 500 C 


0.7494 mol e x — =72317C 


1 mole 
To determine how long a current of 3.0 A will have 
to be applied to produce this amount of charge, you 
need to use the equation 


Charge = current x time 
The units of which are 


Coulombs = Amps x second 


(d) 


This can be rearranged to solve for the time 


Coulombs 


Amps = seconds 


Substituting our data, we obtain 


72.317 C 
3.0A 
hours. 


= 24 106 seconds, or 402 minutes, or 6.7 


The amount of chlorine liberated at the anode is 
solved in the same way, but the reverse direction. 
The first steps of the problem can be skipped 
because we already know how long the current is 
applied, how much charge is produced during this 
time, and how many electrons will be available at 
the anode for oxidizing the chloride ions. We can 
pick up the problem at that point. 


1 mol Cl, 


0.7494 mol e x = 0.3747 mol Cl, 


mole 
This can now be converted to grams: 


0.3747 mol Cl, x = 26.57 g Cl, 


oie 
1 mol Cl, 
(a) PbS + O, — PbO + SO, 
This reaction, a first step in producing pure metals, 
involves an oxidation of sulfur and a reduction of 
oxygen. 


(b) KCIO, MnO, > KCI + O, 


This decomposition of potassium chlorate is a 
fairly common way to generate oxygen gas in the 
laboratory. The catalyst, written above the arrow, 
greatly facilitates this process. 


(c) Ag* + CI > AgCl 
A metathesis reaction where the reaction is driven 


by the formation of the insoluble salt, silver chlo- 
ride. 


(d) Mg + Fe** > Mg” + Fe 
Magnesium is above iron on the activity series of 


the metals, meaning itis more readily oxidized than 
iron. As a result, it will replace the iron in solution. 
(е) Sn?* + Н+ + МпО, > Sn** + Мп?* + H,O 
The permanganate ion tends to act as an oxidizing 
agent in reactions, the manganese converting from 
its +7 oxidation state to a +2, the most common 
transformation for manganese. Acidic solutions 
allow for the reduction of manganese all the way to 
the +2 state. 


Practice Test 2 


(f) H,S+ Cd?* — CdS + Н+ 


Hydrogen sulfide is a strong reducing agent that 
will react with many substances to yield insoluble 
sulfides. Itis frequently used as a step in qualitative 
analysis. 

(g) C,H,OH + O, > CO, + H,O 

This is a very typical combustion reaction. The 
answer above assumes an excess of oxygen during 
the reaction, as noted by the presence of CO,,. In the 
absence of adequate amounts of oxygen, the prod- 
uct CO will also be formed. 


(h) ВСІ, + NH, — CLBNH, 


One thing to look out for whenever you see ammo- 
nia is its behavior as a Lewis base and its ability to 
form complexes. In this problem, you are also 
given boron trichloride, which is frequently cited 
as being an example of a molecule where the 
central atom has an incomplete octet. Although 
boron trichloride is stable, it readily reacts with 
ammonia. 


(a) Your procedures may vary somewhat, but they 
should be similar to those listed here. 

Start heating the water bath so it will be hot when 
needed. 

Tightly cover the mouth of the Erlenmeyer flask 
with a small square piece of aluminum foil. 

Poke a small hole in the mouth of the flask with the 
straight pin. 

Weigh the empty flask (with the foil on it). 
Remove the cap and place a 2-mL sample of the 
unknown liquid into the flask and replace the foil. 
Using the clamp and ring stand immerse the flask 


into the water bath and heat. 


When no more liquid is visible and no more conden- 
sate can be seen leaving the pinhole heat for about 30 
more seconds and then remove the flask from the 
water bath. Record the temperature of the water bath 
just prior to removing the flask. 

Allow the flask to cool to room temperature. 

Dry the flask thoroughly, and reweigh. 

Fill the flask with water and empty into a graduated 
cylinder (to determine the volume of the flask). 


Use the barometer to measure the barometric 
pressure. 
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(b) You will need to record the following measure- 
ments: 


1. Mass of the flask and foil (empty). 

2. Mass of the flask, foil, and condensed vapor. 
3. Volume of the flask. 

4. Barometric pressure. 

5. Temperature of the boiling water bath. 


mRT 
(c) Molecular mass = —— 

PV 
Where m is mass. R must contain units consistent 
with all other units in the calculation. The most 
crucial is the unit of pressure, which will be deter- 
mined by the units on the barometer. As an ex- 
ample, the value of the ideal gas constant might be 
62.4 mm Hg L / mol K, where atmospheres have 


been converted to mm Hg. 


The units of measure will set up as follows (if mm 

Hg is used): 

(g)(mm Hg L mol" K")(K) 
(mm Hg)(L) 

The resulting units in the calculation will be 

g/mol, the desired units. 


Molecular mass = 


(d) If the liquid was not completely vaporized, the 
value of m in the equation in part (c) would be too 
high. This will cause the molar mass to be too high. 
(e) Experimental error is always calculated the 
same way: 


lyour value — theoretical value 


- x 10096 
theoretical value 


130-125.5 
125.5 

(a) Ionization energy is determined by two main 

factors. The first is the amount of nuclear shielding 

between the nucleus and the outermost electrons in 

an atom. The more shielding, the more the attrac- 

tion is affected, and therefore the weaker the attrac- 


x 100% = error 


tive force. This means that as the amount of shield- 
ing increases, the ionization energy decreases. 
Shielding increases as you move down a group, 
meaning the group trend for ionization energy is 
that the ionization energy for an atom decreases as 
you move down a group. The second main trend is 
the periodic trend, which is determined by the 
effective nuclear charge acting on the outermost 
electrons. As you move from left to right across a 
period, the effective nuclear charge increases. This 
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is because the number of protons in the nucleus is 
increasing, while the shielding is remaining con- 
stant. As a result, the attractive force between the 
nucleus and the outermost electrons increases as 
you move left to right across a period. The periodic 
trend is that ionization energy increases from left to 
right. For this question, Rubidium has a higher first 
ionization energy than sodium because it is farther 
down a group. It therefore has more shielding and 
a weaker attraction on the outermost electrons. 


(b) Both phosphorus and sulfur form negative 
ions. Phosphorus will gain three electrons when it 
ionizes, while sulfur will only gain two. Negative 
ions are larger than the element because when an 
atom gains electrons, the number of electrons ex- 
ceeds the number of protons. As a result, there is a 
reduced overall attraction for each electron, which 
causes theion to become larger. The more electrons 
that an atom gains, the larger the difference be- 
tween the number of protons in the nucleus and the 
number of valence electrons. 


Because phosphorus will gain three electrons com- 
pared to sulfur's two, it will form a larger ion. 


(c) This is an example of a periodic trend for the 
atomic radius. A common misconception is to 
think that because an atom has a larger atomic 
number, it will naturally have a greater atomic size. 
This is incorrect. As you move down a group, 
atoms with larger atomic numbers have larger 
atomic radii. However, moving across a period, the 
increasing effective nuclear charge causes a greater 
attraction between the nucleus and the valence 
electrons. As a result, the atoms get smaller as you 
move left to right across a period. 


(d) The magnesium atom has two valence elec- 
trons. Each one of these electrons can be removed 
with arelatively small amount of energy. However, 
once those outer electrons are removed from the 3s 
orbitals, the 2p orbitals contain the outermost elec- 
trons. These electrons in the 2p orbitals are isoelec- 
tronic to the noble gases and very stable. In addi- 
tion, an atom like magnesium has two additional 
protons providing an even greater effective nuclear 
charge. As a result, there will be a tremendous 
difference between the ionization energies for the 
254 and 3" electrons. 


Practice Test 2 


Pressure (atm's; not to scale) 


(a) 
100 
80 Critical 
Liquid рош 
= 
p Normal Gas 
melting 
1 point Normal boiling point 
< — Triple point 
Е 0 100 200 


Temperature (°С) 


(b)  Forthischange, SO, will change from a gas 
to a liquid (condense). 


(c) The only changes to occur during this cooling 
is a lowering of temperature within the liquid 
phase. SO, remains in the liquid phase, but it is just 
getting cooler. 


(d) Because the triple point lies to the left of the 
normal melting point, it can be ascertained that the 
slope of the solid-liquid transition line is slightly 
positive. This means that increases in pressure will 
increase the density of the substance (a line going 
straight up from the transition line will cause SO, 
to convert from the liquid phase to the solid phase). 
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(a) Ice is a rare substance that actually expands 
and becomes less dense as it freezes. As a result, 
applying pressure to solid ice at the freezing tem- 
perature will cause it to become slightly more 
dense and melt. CO,, on the other hand, is more 
representative of other most substances that are 
more dense at colder temperatures. Substances like 
CO, will solidify when compressed. 


(b) Rock salt, when it dissolves, lowers the freez- 
ing point of water (because of the colligative prop- 
erty of the freezing point depression). This allows 
for the slushy mixture to cool below the normal 
freezing temperature of ice. 


(c) Helium, because it is a much lighter molecule 
than the components of air. As a result of this, and 
Graham's law, we know that the lighter He mol- 
ecules will effuse more quickly from the balloons 
than air will. 


(d) Gases are more soluble in liquids at lower 
temperatures. For the ice cubes made with hot 
water, most of the gases has already bubbled out of 
solution. 
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